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PREFACE 


A few years ago the author was asked to give a series of lectures, at 
one of the large London Polytechnics, on aspects of the metabolism 
of micro-organisms. He found that numbers of chemists, chemical 
engineers, analysts, botanists and other scientists were very interested 
in listening to a general account of micro-organisms from the point of 
view of their chemical nature. Some members of the audiences were 
unqualified but, having an inquiring mind and some scientific know¬ 
ledge, were amongst the most interested of those present. This book 
arose from the lectures and its readers may well include similar people 
reading it for widely different reasons. 

In giving the lectures it was found that a brief introduction to the 
micro-organisms was welcomed. This led naturally to a general 
treatment of the chemical changes which they bring about, and the 
more specialized topics followed. The same plan is followed in this 
book. 

No book dealing with micro-organisms can fail to pay some atten¬ 
tion to the antibiotics. Accordingly two chapters are devoted to them, 
and since several antibiotics are related chemically to other metabolic 
products, they are noted in other chapters. An attempt is made, 
however, to view the field of microbial metabolism as a whole, and 
in particular to give some prominence to the beginnings. of a rational 
scheme of presentation of the great diversity of micro-organic sub¬ 
stances. This scheme depends upon the enzymic chain of events 
leading to the appearance of the metabolic products. The links in the 
chain are known for the yeast fermentation leading to ethariol or other 
products. For complex substances such as penicillin, or the pigments 
discovered by Raistrick and his co-workers, no such complete account 
can be given. The stepwise activities of enzymic systems can be 
indicated, however, and this has also an advantage in avoiding the 
appearance of a mere catalogue of mould metabolites. •' : 

An attempt is also made to give each chemical substaiice mentioned 
some individual recognition, even if this is only a brief reference to its 
melting point or crystalline form. In some instances, notably in the 
cases of griseofulvin, citromycetin and some others, this recognition 
has gone much further and details are given of the evidence upon 
which the assigned structure rests. This has helped to stress the 
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remarkable chemical changes which micro-organisms can bring about. 
In some cases the limitations to the synthetic powers of micro¬ 
organisms also have their points of interest, for example for analytical 
chemists, and in aspects of symbiosis, and these arc indicated. 

This book is largely theoretical but a single chapter is included 
which gives an indication of how some of the processes mentioned in 
the earlier chapters can be carried out in the laboratory. The other 
practical point which is given some attention is the very interesting 
one of the effect of external changes on the nature of micro-organisms. 

Many excellent books have been written about micro-organisms. 
Where these have been knowingly drawn upon due acknowledgment 
is made in the text. The original literature has, however, been con¬ 
sulted as far as possible, and references are given at the end of each 
chapter. 
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CHAPTER I 


ON MICRO-ORGANISMS AND ENZYMES 


Before dealing with the chemical changes brought about by micro¬ 
organisms, a brief description of the best known of them may assist 
chemically trained readers to understand their somewhat cumbersome 
Latin names, and their place in Nature. The only organisms to be 
mentioned are members of the large groups commonly known as 
bacteria, yeasts, and moulds. Related organisms such as viruses, 
protozoa (unicellular animal forms), and unicellular algae will be 
mentioned less often or not at all. The symbiont system found in 
lichens which unites two dissimilar organisms, one fungal and the 
other algal, will occasionally be mentioned. 

Bacteria are of three main types: tiny spheres about one micron 

(i M = o*ooi mm) in diameter; tiny rods or “sausages” 1-2 y thick 

3 - 5 long; or, less often, minute “wriggling eels” which may 

reach 10 y or even 20 y in length. In addition to these there are very 

small parasitic bacteria known as Rickettsia, again rod forms but only 

o*5 y in length. These appear to bridge the gap between bacteria and 

viruses. At the other end of the scale of magnitude of bacteria there 

are very large spiral forms which appear to link bacteria with the 
protozoa. 

The typical bacterium is a very simple single cell which to outward 

(microscopic) view is merely a tiny blob or rod in which no separate 

structure can be discerned. Special methods of examination show the 

presence of a nucleus, a cell wall, and in some motile types certain 

curious whip-like appendages known as “flagella.” Bacteria reproduce 

by simple division and lead a completely sex-free life as far as we know 

at present. This problem is, however, being intensively studied by 

geneticists and this statement may well be disproved in the fairly near 
future. 7 

Bacteria do not produce anything resembling the seeds found in 

gher plants, but some of the rod forms pass into a rounded, resistant 
torm under certain conditions. This is not a multiplication device but 
a purely resting stage. One bacillus transforms itself into a single 
spore and after about one week the spore germinates giving rise to a 
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new bacillus. This now multiplies by division at its “waist,” in the 
usual way. 

Some bacterial spores, e.g. those of Bacillus brevis, can survive three 
hours’ steaming, and an ability to withstand one hour’s contact with 
live steam is very common in this family. Spores also resist desiccation, 
including being dried off in a vacuum desiccator over phosphoric 
oxide for very prolonged periods. The ability to resist steam is 
unique in Nature, no other living cell having this power. The 
resistance to drying (and also resistance to deep freezing) is more 
common, many higher organisms being at least as well endowed in 
this respect. Since these properties are possessed to such a high degree 
by bacilli, it is scarcely surprising that bacterial spores are found in 
great numbers in dry organic matter, soil, and dust. 

One section of the family Bacillaceae, i.e. the genus Clostridium , 
shows another characteristic not found anywhere in Nature except 
amongst some other bacteria. This is the phenomenon known as 
“anaerobiosis,” growth in complete absence of oxygen. One of the 
first industrial fermentations depended upon a Clostridium species, 
namely CL acetobutylicum. This was used in about 1910 in America 
for the production of acetone and butyl alcohol. Many others in the 
group are important medically. Clostridium tetani occurs in soil and 
is the organism associated with tetanus. When a deep wound is con¬ 
taminated the conditions become suitable for anaerobic growth. 
During its proliferation the organism liberates a powerful toxin 
(poison) which produces the characteristic symptoms of tetanus. 

Many rod-form bacteria have never been observed to produce 
spores and are classified together under the generic name Bacterium, in 
one system of classification (that of Bergey, 1948) which is followed 
throughout this book. This word or its root is frequently used as a 
suffix to denote a rod form as in Flavobacterium, meaning rod forms 
producing yellow pigment.” When used in its strict sense bacterium 
invariably refers to a rod form. There are so many distinct types all 
looking much alike under the microscope that various other charac¬ 
teristics are employed to distinguish them. Some are known from 
their normal habitat. Thus the “coliform bacteria are usually 
associated with the mammalian intestinal contents, faeces, etc. 
Bacterium coli (also known as Escherichia coli) is the best known of these. 
Similarly some are found in milk, for example the family Lacto- 
bacteriaceae. Others are named from some characteristic type of 
growth. Alkaligeties viscosum produces alkali and a type of viscous 
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gum under appropriate conditions, and the genus Acetobacter contains 
species all of which produce acetic acid, although it will be shown 
later that they oxidize many other compounds besides ethanol. Where 
a characteristic shape can be observed as in Vibrio comma , in which the 
cells are bent to look rather like a comma, they receive the appropriate 
name. In other cases the organisms are named from the disease with 
which they are associated. Thus V. comma used to be named V. 
cholerae since it is the water-borne bacterium associated with cholera. 
An interesting species is Achromobacter luminosum. This organism may 
be isolated from decaying fish and is responsible for its luminosity. 
This information is conveyed in the specific name luminosum. The 
generic name Achromobacter implies that cultures are always free of 
pigment. Some species grow better at very high temperatures up to 
6o°C. These are usually given the specific name, thermophilus (“loving 
heat.”) Thus Lactobacillus thermophilus is a species which possesses an 
optimum temperature as high as 50°-62-8°C (Chalmers, 1945) and is 
a nuisance in milk pasteurization plants. 

Classifying and accurately describing the coccus or spherical forms 

is even more difficult than doing so for the rod forms. Not many 

changes are possible in the shape of a sphere. The smallest are classified 

as Micrococcus , and those which tend to adhere in chains as Streptococcus. 

As with the rod forms, any characteristic which can be seized upon is 

used for differentiation. Thus Streptococcus lactis occurs in milk, and 

Micrococcus aureus gives yellow colonies. Diplococcus pneumoniae occurs 

as cells adhering in pairs, and is found in the lungs of pneumonia 
patients. 

Bacteria which are related both to rod-form bacteria and to the 
filamentous moulds are often described as Actinomycetes (Henrici, 
i 947 )» but the term Streptomycetes is now being more frequently 
used for naming this somewhat ill-defined group. At one end of the 
group are types such as Jensenia and Mycobacterium whose relation to 
the true bacteria is very close. At the other end are the Streptomyces 
proper, which occur as much-branched, elongated rods. These break 
up at their ends to produce spores which are genuinely multiplicative, 
being found in large numbers, unlike those of the Bacilli. The links 
between Mycobacterium and Streptomyces , and which justify their 
inclusion in the same group, are the weak tendency to branching found 
in the former, and a similar, slow type of growth on artificial medium. 

Mycobacterium tuberculosis is the causative agent of tuberculosis and 
as such is a most important organism. The Streptomycetes have 
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recently become very well-known because many of the species produce 
antibiotics. In addition all species of Mycobacterium exhibit the 
phenomena of “acid-fastness.” Acid-fast organisms possess a cell 
structure which retains basic dyes with remarkable tenacity. The cells 
are difficult to stain, but once they are dyed, the dye is not removed by 
treatment with aqueous ethanolic hydrochloric acid. All other bacteria 
lose the dye under these conditions. 

On passing from bacteria and Streptomycetes to moulds the change 
is from primitive through less primitive to far larger and more complex 
forms. Although some bacterial cells may reach io /u in length tlfls is 
unusual. Moulds, on the other hand, produce structures whose larger 
details are sometimes visible to the naked eye, and can frequently be 
observed clearly with a X io lens. One such organism is the “pin 
mould usually a species of Mucor. This occurs on moist bread and 
other substrates as a fluffy growth. On close examination this growth 
resembles a mass of pin heads set on exceedingly fine hairs. These are 
known as hyphae, and in the case of Mucors the hypha forms a 
single enormously elongated cell. This possesses a well-marked cell 
wall, several nuclei, vacuoles, various solid inclusions, and oil droplets. 
The hypha is in fact a far more complex structure than that found in 
any bacterial cell. Mucors differ from most other moulds in possessing 
this type of hypha. Usually mould hyphae are “septate,” that is, 
divided by cross walls into definite segments. Each segment is thus 
joined to its neighbour by a porous partition which permits fluids to 
pass through it. 

The hypha is the basic structure in all fungi not only in the micro- 
fungi (moulds) but also in the larger fungi and toadstools. These 
are constructed out of countless millions of these fine threads inter¬ 
woven together. It is interesting that the toadstool which we see 
is only part of the organism. The more important part is below 
the surface, in the form of hyphae which have not united to any 
great extent. 

In keeping with their greater size and complexity moulds produce 
special fruiting and reproductive organs. A discussion of these, even 
briefly would take up too much space but it may be indicated that 
according to the nature of the reproductive arrangements fungi are 
divided into four main classes. These are: ( a ) Phycomycetes including 
the Mucors; ( b ) Ascomycetes including yeasts and some moulds; 
(c) Basidiomycetes, not usually including moulds but possibly including 
some yeasts; and (d) the so-called Fungi Imperfecti. In the last group 
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are found most of the moulds, and in fact all moulds in which a mature 
sexual stage has not yet been observed. Despite the fact that genera 
such as Penicillium, Aspergillus , and Cladosporium have been observed 
to possess a “perfect” stage it is usually convenient to classify them with 
the Fungi Imperfecti. 

Moulds usually produce a dry powdery growth possessing a wide 
variety of colours. Pure greens are found amongst Penicillium , 
Aspergillus , and some other genera. Pure white colonies occur amongst 
many moulds, but characteristically among many wood-rotting fungi 
and other fungi when not producing spores. Black moulds are 
common, Aspergillus niger being well known, but species of Penicillium, 
Cladosporium, Alternaria and others can also be black or extremely dark 
in colour. A delicate pink shade is often shown by strains of Fusarium , 
and bright yellow and orange tints by varieties of Aspergillus glaucus. 
Intermediate buff, brown, grey, creamy, and other colours are common 
among moulds. 

Yeast colonies are usually creamy in colour but they can also be 
bright pink or orange. They are usually more moist than mould 
colonies but not as moist as many bacterial cultures. Yeasts differ 
from moulds in being truly unicellular. They usually consist of 
individual round or oval cells, larger than coccus forms of bacteria 
(5-7 fi against 1 p), and possessing a far more complex structure. 
Yeast cells under the microscope reveal vacuoles, a cell wall, nuclei, 
etc., just as mould cells and cells of higher plants do. They also form 
spores in many cases. When they do so they usually produce two, four, 
or eight spores inside the mature cell and on germination the spores 
fuse two by two and then multiply. 

One very important substance which is never produced by moulds 

is the plant catalyst chlorophyll. Photosynthesis plays no part among 

fungi or yeasts, although curiously enough some of the sulphur 

bacteria utilize solar energy, elaborating a catalyst similar in some 
respects to chlorophyll. 

Some differences between moulds and bacteria may be recorded 
No moulds are ever autotrophic, and they are never truly anaerobic 
(although some yeasts and Penicillium roqueforti can exist in the presence 
°i an extremely low oxygen tension); none are motile, and none 
exhibit any marked resistance to heat. Finally moulds produce spores 
y the hundreds of million and may elongate their hyphae at a 
tremendous rate. Thus whereas a bacterial colony produced on a 
suitable nutrient jelly does not usually exceed 2 mm in diameter even 
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after two or three days of growth, in this time many rapidly growing 
moulds will completely cover a petri dish 4-5 cm in diameter. Cultures 
of Mucor are famous in this respect, and the mould Monilia sitophila 
covers the dish and even overgrows it with masses of powdery pinkish 
spores in a few days. 

Micro-organisms are almost universally distributed in Nature. 
Fungal spores have been isolated from sample plates coated with 
nutrient jelly exposed from aircraft flying inside the Arctic Circle. 
Bacteria are found in the mud at the bottom of the deepest oceans, in 
the sand of the Sahara Desert, and in the hot-water springs of New 
Zealand. 

The numbers of micro-organisms found in such habitats are not 
large compared with those occurring in their main habitat, fertile soil. 
One gramme of such soil usually contains about five thousand million 
bacteria and a similar weight of mould mycelium. Other locations in 
which micro-organisms are found in great numbers are various parts 
of the human body, especially the skin, and its outer clothing, animal 
excreta, and any animal or animal food source which is the subject of 
attack by micro-organisms, such as compost heaps or sour milk. 

Although enormous numbers of bacteria are found in soil it must 
be remembered that each cell is excessively tiny. The number of 
bacteria in the soil must be enormous and yet it has been calculated 
that their weight would be the same as that of one cow. In other 
words the soil supports the same weight of warm flesh above ground 
as of bacteria beneath. 

The cells of all micro-organisms, even those of moulds, are relatively 
simple structures, and the degree of co-ordination among them is 
of a very low order. There arc no cells or parts of cells whose 
specific task is to obtain food or excrete waste products. This is all 
done through the cell wall which acts as a selective membrane. The 
whole of the cell is built around several hundreds of thousands or 
millions of macro-molecules, according to the cell size. Some are 
nucleic acids, others are of a polysaccharide nature, others are simple 
proteins, and yet others are conjugated proteins. Among these last 
are the all-important enzymes without which all life is impossible and 
which play an especially direct part in the life of micro-organisms. 
If one considers the case of cells of Aspergillus oryzae , or Bacillus subtihs 
growing on bread, that is to say on substances virtually insoluble in 
cold or warm water, it is clear that enzymes are required long before 
true digestion begins. In the absence of anything approaching a mouth 
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the insoluble protein and starch in the bread must be solubilized before 
energy and synthetic material can be obtained. 

In many cases the cells allow a proteolytic or diastatic enzyme to 
diffuse outwards, but in other cases these enzymes are anchored to the 
cell exterior and make contact with molecules of the hydrolysable 
substance. The products of hydrolysis are then adsorbed on to and 
absorbed through the outer surface of the cell. The enzymes freed 
from the cell are obtainable in many cases, and such “cell-free” 
preparations are characteristically prepared more easily from micro¬ 
organisms than from other sources. In fact the first enzyme prepara¬ 
tions were obtained from yeasts for this reason. It should be noted 
that cellulose-splitting enzymes appear to be tightly bound to the cell 
and have not been obtained in a cell-free state. 

In micro-organisms as in other cells two enzymic processes appear 
to be fundamental. The first process is one of hydrolysis as in the 
treatment of starch or fats. The second process is a somewhat com¬ 
plicated series of coupled oxidations and reductions in which water 
molecules play an important part. The hydrolytic powers of micro¬ 
organisms are considerable. The hydrolysis of starch or gelatine is a 
simple matter without the agency of enzymes; for example, the 
hydrogen ion is very effective in this respect. However, whereas 
normal catalysts are limited to fission of the C—O or C—N bonds, 
micro-organisms can also break the C—C bond, frequently splitting 
C 6 groupings into C 4 + C 2 or C 3 + C 3 units. 

Hydrolysis reactions by definition demand the intervention of 
water molecules. These molecules are also very important in the 
second type of reaction, involving oxido-reductions. Wieland’s ideas 
on the intervention of the water molecule have been especially fruitful, 
as in the oxidation of aldehydes to the corresponding carboxylic acids— 


R.CHO + H 2 0 
yOH 

R.CH<^ -j- H acceptor 
X OH 


< OH 
OH 


OH 


R. 


+ (H 2 ) reduced acceptor . 2 


It will be noticed that equation 2 requires a hydrogen acceptor. When 
molecular oxygen fills this role we have— 


h 2 +o 2 -*h 2 o 2 . 

Hydrogen peroxide is then decomposed by the enzyme catalase— 

2H 2 Oo —> 2HgO “f- Og 


• 4 
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and the net process is the transfer of hydrogen from the oxidizable 
substrate (hydrated aldehyde in this case) to molecular oxygen. The 
importance of catalase is thus clear, for in its absence the concentration 
of hydrogen peroxide would rapidly become incompatible with life; 
and also the lack of decomposition of hydrogen peroxide would 
break the reaction chain. 

It has been suggested that anaerobic organisms are unable to flourish 
under atmospheric conditions because they lack the necessary catalase. 
Although this theory docs not now receive wide support it is an 
interesting experimental fact that whereas culture solutions derived 
from moulds or aerophilic organisms such as Bacillus subtilis give a 
vigorous evolution of oxygen when a drop of hydrogen peroxide is 
added, no such evolution of oxygen takes place when culture solutions 
of anaerobic organisms such as Clostridia are used. Oxygen is also not 
evolved with organisms which prefer a low oxygen tension. Typical 
cases are fermenting yeast solutions, and sour milk in which the semi- 
anaerobic lactic bacteria flourish. 

Other substances can be utilized as hydrogen acceptors. Well known 
amongst these are methylene blue (in laboratory studies), coenzyme i 
and coenzyme 2. It is customary to refer to the substrate as the 
“donator” of hydrogen. Similarly oxidation and degradation of the 
complex food source is described as “dissimilation” or catabolism, and 
the reverse, synthetic process as “assimilation” or anabolism. 

Enzyme systems consist of a dispersion of colloidal protein particles 
in a liquid medium. The protein structures involve polar groups such 
as the peptide bond —CO—NH—, the carboxy and the amino group. 
The substrate is usually also of polar nature and is adsorbed on the 
surface. This is followed by “activation,” or electronic displacements 
and rearrangements, and chemical reaction follows. If one substrate 
closely resembles a second but is not activated, it can be adsorbed and 
take up the positions rightfully taken by the labile substrate. In this 
case, the enzyme system is poisoned. Chemo-therapeutic agents owe 
their action in some cases to this blocking of the enzyme systems in 
bacterial cells, owing to preferential and competitive adsorption. 

The concept of the specificity of enzymes, Fischer’s lock and key 
simile, has been modified. Most hydrolytic enzymes are somewhat 
specific, but the desmolases (oxidation-reduction enzymes) are far 
less so. 

A corollary of the idea of the specificity of enzyme action was that 
each reaction needed its specific enzyme. However, it has been found 
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that micro-organisms have extraordinary powers of growing on 
unlikely substrates. Pseudomonas putida can utilize as sole carbon source 
substances never found in nature such as bromosuccinic acid and I- 
and 2-bromopropionic acids. The theory of a specific enzyme for each 
substrate would require an enormous number for each cell, some being 
presumably held in reserve for countless ages by the ancestors of the 
laboratory strain of Ps. putida , to be called upon when the organic 
chemist succeeded in preparing bromo-substituted acids. 

The hydrolyzing enzymes are frequently set free by the cells and 
break up starches, fats, esters, etc. These enzymes are sometimes 
termed exo-ei^zymes. Desmolases are usually locked up inside the 
cells and are therefore described as endo-enzymes. Desmolases, 
although having a lower specificity than hydrolases, are more exacting 
with regard to their substrate than they are towards their acceptor. 
Desmolases include dehydrogenases, oxidases, zymase of yeast (con¬ 
verting glucose to ethanol), catalase, the cytochromes, the “yellow 
enzymes,” and the dismutases. 

Dismutases bring about a type of biological Cannizzaro reaction. 
They activate the hydrogen atoms of the hydrated form of an aldehyde 
and then cause the neighbouring aldehyde molecule to act as the 
acceptor. The reaction may be represented— 

.OH 

CH 3 .CHO + H 2 0 -> CH 3 .CH<^ .... 5 

aldehyde hydrate ^OH 

/OH 

CH 3 .CH/ CH 3 .COOH + 2 H . . .6 

acetic add 

CHs.CHO + 2H -»CH,.CH a OH . . . . 7 

ethanol 

The net result is— 

CHj.CHO + H 2 0 + CH 3 .CHO — CH 3 .COOH + CH 3 .CH 3 OH . 8 

This reaction is of fundamental importance in the yeast fermentation. 
Most of the enzymes found in Nature are also found in micro¬ 
organisms and for some of them micro-organisms are the best sources 
Yeasts are very rich in invertase, maltase, and the yellow enzymes but 
contain practically no amylase. Moulds are extremely rich in catalase 
amylase and proteinases. All micro-organisms are rich in phosphorv- 
lases, and many bacteria are rich in urease. 

2—(T.SIO) 
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This is an enzyme worthy of a brief separate mention. It is of 
historical interest since as long ago as 1682 van Helmont associated the 
ammonia in urine with fermentation, and pre-viewed the modern 
approach to enzymes. Urease was also the first enzyme to be obtained 
in a crystalline condition (Sumner, 1926). It is completely specific, 
even alkyl ureas being unattacked. The reversibility of enzyme action 
is well illustrated by reference to urease. Under normal conditions 
the products are (ultimately) carbon dioxide and ammonia, but under 
pressure the catalyst will cause the reverse reaction to take place— 

low pressure 

/NH 2 _N 

CCK^ -f- H z O urease 2NH3 + CCX 
X NH 2 \- 

high pressure 

Urease is one of the few enzymes which does not require or contain 
a coenzyme. 

Its presence in micro-biological material is easily demonstrated. 
Bacterial cultures, especially of species of Proteus , are rich in urease. A 
sample of the culture solution is divided into two parts and one part 
is boiled for a short time to destroy the urease, and cooled. Urea is 
now added to each solution and these are tested for ammonia. 
Frequently the nose is sufficiently sensitive, or alternatively both 
solutions may be adjusted to pH about 7-0 before adding the urea, and 
the ammonia “spotted” as alkali. It will be found that the unboiled 
solution is rich in ammonia. The boiled solution, having had its 
enzymic activity destroyed, contains no ammonia. 

Of the desmolases found in micro-organisms special mention may 
be made of the yellow enzymes. The discovery and subsequent work 
on these enzymes illustrate the value of studies on the metabolism of 
micro-organisms. The first of the yellow enzymes (a dozen are now 
known) was isolated in 1932 and is known as “Warburg’s yellow 
enzyme.” The yellow colour of this enzyme, as of the others, is due 
to the flavin constituent. In Warburg’s enzyme this is riboflavin 
(vitamin B 2 ) and the prosthetic group of the enzyme is riboflavin 
phosphate. Warburg’s yellow enzyme occurs only in yeast and only 
functions if coenzyme 2 is present as coenzyme. It then acts by remov¬ 
ing hydrogen from reduced coenzyme 2 and donating it to atmos¬ 
pheric oxygen. Coenzyme 2 is again a yeast product. Their mode of 
action may be illustrated by a reference to a typical reaction carried 
out by their agency. 
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Robison ester (hexose-6-phosphate) is oxidized by the Zwischen- 
ferment or Robison ester dehydrogenase to phosphohexonic acid but 
this reaction can only take place if an acceptor is present for the 
liberated hydrogen. 

The acceptor present in yeast is coenzyme 2. This is reduced to 
dihydro-coenzyme 2, and this again is oxidized by atmospheric oxygen 
to coenzyme 2 if Warburg’s yellow enzyme is present as catalyst. The 
sequence of reactions may be represented thus— 


CH =0 


H-C-OH 


+ H a O 


HO—C—H 


H—C—OH 


H—C—OH 

I /OH 

CHjO.P^ 

ll X OH 

O 

Robison ester 
Fischer's open-chain formula 


.OH 

CH< 

| X OH 

H—C—OH 

I 

HO—C—H 
|» 

H—C—OH 

I 

H—C—OH 

I /OH 

CH 2 0—P< 

|| X OH 

o 

hydrate of Robison ester 


ca< 


OH 


OH 


c/ 

l\ 


O 


+ coenzyme 2 


Zwischenferment 


m 

R 


■ 

R 


OH 


-f dihydro-coenzyme 2 


hydrate of 
Robison 
ester 

2H2 coenzyme 2 + 0 2 2 coenzyme 2 -f 2*^0 


The chemical structures of many of the yellow enzymes and of 

coenzymes 1 and 2 have been elucidated. Warburg’s “old yellow 

enzyme” has been shown to have the structure shown on the 
next page. 

On reduction the two nitrogen atoms marked with an asterisk 
are reduced to NH groups with rearrangement of the double bonds. 
The specific protein has been shown to contain the following amino- 
acids: arginine, histidine, lysine, glutamic acid, and aspartic acid. 
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CH, O.P 
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+ specific protein 
Warburg’s “Old Yellow Enzyme’’ 


Coenzymes i and 2 are nucleotides of adenylic acid. Coenzyme 2 
may be represented as follows— 

N = CH—N 
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Coenzyme 2 
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AND 


On reduction the left-hand part of the molecule is reduced 


CONH 2 



CH* 


H 

H 

H- 

H- 


OH 

OH 
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N=CH—N 


C=C-C—NHj 

\ 
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/ 

N—CH 


H— 

H— 

H— 

H— 


O 


—OH 

—OH 


I 

O 


CHo—O—P—O—P—O—P—O—CH 2 


OH OH OH 


Dihydro-coenzyme 2 


It will be observed on reading from left to right that the molecule 
of coenzyme 2 consists of the following constituents: nicotinic acid, 
D-ribose, phosphoric acid, D-ribose again, and adenine. Part of the 
human requirements of nicotinic acid as a vitamin (it is part of the B 
complex) may well be due to our need for it to synthesize this and the 
related coenzyme 1. Coenzyme 1 differs from coenzyme 2 only in 
possessing one phosphoric acid grouping less. 

The antibacterial enzyme “notatin” is an especially interesting new¬ 
comer to the yellow enzyme group. This is a glucose aerodehydro- 
genase produced by Penicilliutn chrysogenum (penicillin-producing 
strains) and is referred to again at the end of Chap. V. 

Reference was made above to the participation of nicotinic acid in 

the structures of coenzymes 1 and 2. There is a close link between 

vitamins and enzymes, in fact so close that it is possible to say that in 

all cases where the biochemical (as distinct from the clinical) role of 

vitamins has been made clear, it has always been found that they form 

parts of enzyme systems. They are frequently coenzymes. Thus 

carboxylase is an enzyme which plays an important part in the yeast 

alcoholic fermentation by catalyzing the decarboxylation of pyruvic 
acid— 

CH5.CO.COOH -* CH3.CHO + co 2 

pyruvic add 



14 


THE CHEMISTRY OF MICRO-ORGANISMS 


However, it only acts in the presence of its coenzyme cocarboxylase 
pyrophosphate and this coenzymc is identical with aneurin— 


CH. 


OH OH 


N = C—NH. 


C =C—CH 2 —CH 2 —O—P—O—P—OH 


H,C—C C—CHo—N 


\ 


CH—S 


o 


o 


N—CH 


Cl 


Cocarboxylase (Aneurin or Vitamin B,) Pyrophosphate 

r 


There are several other examples, and much use has been made of 
micro-organisms as enzyme and vitamin sources. The oldest of such 
uses is that made by Nature herself. The intestinal tract of animals 
contains a rich and varied microflora. In the case of herbivorous 
animals this is rich in cellulases, and these play the part of digestive 
juices for these animals. Without these bacteria herbivorous animals 
could not exist. Similarly the human animal is greatly indebted to 
organisms such as E. coli for quite an appreciable quantity of his 
vitamins, especially of the B group. In some cases in which patients 
are given large quantities of antibiotics or sulphonamides as part of 
their treatment, it is necessary to supply extra vitamin B to replace 
that lost by the death of the intestinal microflora. 

.A’'-'^somewhat similar case concerns myoinositol, a substance 
meh^omad again in Chap. XI. 



OH 

OH 


A\ oh 

oX? H 

f/H 

l 

H 

OH 

mwolNOsrroL 


This substance has been shown to be a growth factor for yeasts, 
being the old “Bios I” of Wildiers. It is also a growth factor for higher 
animals, its absence from the diet leading to a clinical condition known 
as inositol deficiency alopecia. It is recorded that in deficiency studies 
in which mice were used, some animals showed a spontaneous cure 
of this form of alopecia even though their diet contained no inositol. 
Upon investigation it was found that the bacteria present in the gut 
of these mice synthesized inositol thus supplying the animals needs. 
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The human animal thus relies upon bacteria, and to a lesser extent 
yeast (as foodstuff auxiliary) for some of his vitamin B requirements. 
The use of micro-organisms as analytical tools is also well established. 
The principle of the procedure is that some organisms are exacting 
with respect to certain constituents of their diet. It is possible to work 
out a complete “balance sheet” of all the requirements of the organism. 
It is now supplied with a nutrient medium containing everything 
required for growth except one vital constituent. No growth takes 
place. Sub-optimal amounts of the constituent are now added to 
the medium and in favourable cases the amount of growth is directly 
proportional to the quantity of added nutrilite. 

Usually one of four methods is employed for observing growth: 
(a) measurement of gas production as in the use of yeasts for the 
determination of aneurin; ( b ) measurement of a chemical substance 
produced, as in the use of Lactobacillus helveticus (L. casei e), when the 
formation of lactic acid is used for estimations of riboflavin, biotin, 
pantothenic acid, and nicotinic acid; (c) measurement of the turbidity 
of the solution as in the use of Streptococcus lactis R for determining 
folic a*cid; and ( d) weighing the quantity of mould mycelium produced 
when a mould is used, as in the use of Neurospora sitophila for 
estimating pyridoxine. 

The sensitivity of these methods is illustrated by the fact that biotin 
can be estimated in a concentration as low as one in ten thousand 
million. Incidentally no satisfactory chemical method exists for this 
determination. Inorganic substances have also been estimated by the 
use of micro-organisms. Aspergillus niger has been used for estimating 
phosphate in soils, as well as some trace elements. Similarly potassium 
has been estimated by the use of Streptococcus faecalis R. 

One further aspect of the study of enzymes and micro-organisms 
may be stressed. Reference was made above to the fact that enzymic 
reactions are reversible. The state of affairs is covered by the Law 
of Mass Action. As an example lipases are enzymes which hydro¬ 
lyze fats into their component fatty acids and glycerol, and some of 
them will act on simple esters. One such esterase hydrolyses butyl 
benzoate according to the equation— 

Butyl benzoate -f- H2O ^ butyl alcohol -f- benzoic acid 

According to the Mass Action Law— 

[But, benz.] [HaO] _ 

[But. ale.) [Benz.] 


• 9 
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Usually the molecular concentration of water is very great with 
respect to the other constituents so that under equilibrium conditions 
the concentration of butyl benzoate will be small. In the presence of 
the esterase, under physiological conditions, this equilibrium is reached 
rapidly. If, however, the reaction is carried out in a solvent which 
does not inactivate the catalyst the molecular concentration of water 
can be made very small. Such solvents are methanol or acetone. If 
[H 2 0 ] in equation n is made small then [But. benz.] will become 
large. In other words the same esterase which normally catalyses 
the hydrolysis of the ester, actually catalyses its synthesis under different 
conditions. 

This aspect of enzyme action is of great significance in Nature, as 
for example in the synthesis of starch by plants. When micro¬ 
organisms are considered one is led to suggest that here may be an 
explanation of the origin of viruses and of life itself. Proteolytic 
enzymes are able under slightly different conditions to synthesize 
protein material from amino-acids. One can visualize a simple 
bacterial cell first liberating a protease which produces amino-acids 
from proteins in the surrounding medium. These amino-acids diffuse 
into the cell and are built up into new protein. If we postulate the 
existence of an enzymic system so disposed that the enzyme molecule 
can actually synthesize its own protein, in other words an auto¬ 
synthetic enzyme, then the system is closely similar to that found in 
viruses and bacteriophages. 

Electron micrographs have shown the bacteriophage particles being 
attracted to the bacterial cells. As soon as a ’phage particle contacts 
the cell it is adsorbed. Lysis (degradation, bursting) of the bacterial 
cell then results and multiplication of the ’phage particles follows. In 
the human animal virus particles may arise from otherwise healthy 
tissue owing to derangement of its enzyme systems. This may lead to 
ailments as mild as the common cold or as severe as cancer or polio¬ 


myelitis. 

This view of the enzymic make-up of cells can also be extended to 
include the parasitism of micro-organisms. It seems to be a rule that 
the smaller the organism, the more difficult it is to grow it on artificial 
media. The converse is not always true, since some large organisms 
such as Mycobacterium leprae cannot be grown on such media. Most 
moulds grow well on artificial media, but not the smaller yeasts and 
bacteria. In fact, as has been mentioned above, the exacting nature of 
these organisms has been of great value in studies of vitamins. When 
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we consider the bacteria we find that the tiny organisms such as 
Brucella, Haemophilus , and Pasteurella are extremely exacting in their 
growth needs, usually requiring materials such as whole blood in their 
diet before they will grow. Even smaller organisms such as the 
Rickettsia cannot grow at all on artificial media. 

This can be linked up with the enzymic make-up of the cell in the 
following way. Any cell can contain only a finite number of protein 
macromolecules in addition to nucleic acids, fats, and carbohydrates. 
A number of enzymes are required for each of the metabolic processes 
of respiration, maintenance of chemical reactions for energy require¬ 
ments, cell synthesis, and cell movement in the case of motile cells. 
If the cell is small then there is physically no room for a huge number 
of enzymes. In other words the cell has to borrow the products of 
another cell’s enzyme systems. In such a case the cell must become 
parasitic. This may be made clear in the scheme shown in Table I. 


TABLE 1 


Scheme Showing Relation Between Cell Size and Type of Existence 


Size of cell 

Number of cells 
in organism 

Number of 
enzymes present 

Type of existence 

Large 

Large 

Very large 

Free living, parasitic or 
saprophytic: animals, 

plants, moulds 

Large and small 

One (unicellular 
organisms) 

Large 

Free living, parasitic or 
saprophytic: bacteria 

and some other micro¬ 
organisms 

Small (not more than 
°*5 m ) 

Unicellular 

Moderate 

Parasitic and saprophytic: 
Rickettsia and Parvo- 
bacteria 

Tiny (smaller than 

0-5/i) 

Unicellular 

Small 

Obligate parasites; cannot 
grow in absence of 
living tissue: viruses 
and bacteriophages 


This scheme shows that very small cells are obligate parasites. For 
example all the autotrophic micro-organisms are larger than the 
viruses. The converse, however, is not true. Many parasitic and 
saprophytic organisms exist which are composed of a large number 
ot cells of varying sizes. These include plants and animals. 
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CHAPTER II 


SYNTHETIC POWERS OF MICRO-ORGANISMS 

One justification for studying the biochemistry of micro-organisms 
is that it is frequently possible, by analogy, to elucidate processes taking 
place in cells of widely differing types. There are other real advantages 
in using microbial cells as test organisms. For example, in the field of 
nutrition, in which animals are used as test organisms, it may take 
several weeks to establish a deficiency disease due to a lack of a particular 
vitamin. When bacteria are employed the result is often a clear-cut 
growth or lack of growth in twenty-four or forty-eight hours. 

Several other advantages of working with micro-organisms may be 
noted here. 

One of these is that the organisms are unicellular, or else as in moulds 
the structure is extremely simple. This means that the biological 
system is not complicated by the existence of neighbouring cells having 
a different function, such as are found in tissue slices or plants. Further 
the system is simplified by the absence of chlorophyll so that light 
energy need not be considered. 

The system can also be clearly defined. The medium may be 
synthetic or it may contain known, if complex, constituents. The 
temperature, degree of aeration, admission of light, addition of growth 
factors, size of initial inoculum, and the presence or absence of gases 
such as hydrogen, hydrogen sulphide, oxygen, and carbon dioxide, 
can all be rigidly defined in the starting system or altered as the 
experiment proceeds. 

With the application of radioactive tracer elements to metabolism 
studies a new advantage of using micro-organisms has been revealed. 
Substances of biological interest can be obtained more conveniently 
by biological means than in any other way. Plants will prepare plant 
substances from carbon-14 present in the atmospheric carbon dioxide. 
Similarly Streptomyces griseus will prepare for us radioactive vitamin 
^12 having the radioactivity associated with either the cobalt or the 
phosphorus atoms, by carrying out the fermentation in the presence 
of cobalt-60 or phosphorus-32; and Penicillium chrysogenum will 
convert radioactive sulphur-35 from inorganic sulphate into one or 
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other of the penicillins (Smith and Hockcnhull, 1952). The method 
has serious disadvantages, notably in the waste of the radioactivity. 
For example, only o*oi per cent of the phosphorus-32 is converted into 
vitamin B 12 . It remains, however, a valuable preparative method in 
this new field. 

One attractive feature of the biological process is that it is carried 
out at near room temperatures at pressures approximating to normal. 
Chemists using micro-organisms have no need to employ toxic 
substances such as phosphorus oxychloride, or pressures of ten atmos¬ 
pheres. Furthermore once the micro-oganisms have prepared the 
desired product it is often easy to isolate it. There are exceptions, 
notably penicillin, but many of the industrially valuable products of 
the past have been substances such as ethanol, acetone, butanol, citric 
acid, or lactic acid which are produced in high yield, uncontaminated 
with substances difficult to remove, and of a well-defined chemical 
nature. Similarly, when used for research purposes micro-organisms 
are often the most convenient means of carrying out certain reactions. 
One may refer here to the well-known use of yeast as a reducing agent 
and Pasteur’s use of a green Penicilliutn species for the resolution of 
DL-tartaric acid. 

The rapidity of microbiological processes referred to above for 
vitamin studies is also valuable in other connections. Microbiological 
methods of analysis are often quick and convenient, and as synthetic 
agents micro-organisms can carry out processes in a few days which 
would occupy organic chemists many weeks, if the process could be 
carried out at all. This is especially valuable in industrial applications. 
The formation of butanol and acetone by Clostridium acetobutylicum 
growing on a starchy mash, in high yield in about forty-eight hours, 
is a feat which no classic method of organic chemistry could emulate. 
Similarly, the ready conversion of glucose into benzenoid compounds 
(referred to in later chapters) again in good yield and relatively quickly 
is beyond the power of synthetic organic chemistry. 

Finally, since the catalysts present are always enzymes, micro¬ 
organisms make particularly satisfactory agents for studying this 
aspect of biophysics. The system is uniform and easily controlled, and 
the products of catalytic action are often easily determined. It is also 
possible to adjust and alter processes in a striking way by making quite 
simple changes. 

An example of the latter point concerns the phenomenon of aerobic 
and anaerobic growth. Fundamentally an aerobic organism is one 
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whose enzyme systems activate atmospheric, and therefore molecular, 
oxygen as a hydrogen acceptor. An anaerobic organism is one which 
either cannot activate molecular oxygen, or else prefers to activate 
something else. One such organism is Vibrio desulphuricans, a strict 
anaerobe found in Dutch canals. In the complete absence of oxygen 
it oxidizes ethanol to water and carbon dioxide using the sulphate ion 
as acceptor, and producing hydrogen sulphide. It thus creates its own 
reducing conditions. 

From a study of the growth needs of bacteria in respect of their 
oxygen and other requirements it is possible to cause aerobes to grow 
anaerobically and conversely. The following cases illustrate the point. 
Escherichia coli y Serratia tnarcescens , Proteus vulgaris , and Alcaligenes 
faecalis (all rod forms in the coliform group of bacteria) will activate 
the lactate ion as a hydrogen donator. E. coli and Sen. tnarcescens will 
activate either the fumarate ion or the nitrate ion as hydrogen acceptors. 
Pr. vulgaris activates nitrate but not fumarate and Ale. faecalis cannot 
activate either nitrate or fumarate. As a result of these findings it was 
possible to grow the normally aerobic E. coli and Serr. tnarcescens on a 
lactate medium under completely anaerobic conditions if either 
nitrate or fumarate were present as hydrogen acceptor. On the other 
hand Pr. vulgaris can grow anaerobically on a lactate medium if nitrate 
is present but not if fumarate is the sole hydrogen acceptor; and Ale. 
faecalis cannot grow anaerobically on. a lactate medium at all. 

Even an intensely aerobic organism such as Bacillus subtilis or a 
Penicillium could be grown anaerobically if a hydrogen acceptor could 
be found whose aqueous solution had a high enough oxidizing potential 
for the cellular enzyme systems to use it as a hydrogen acceptor. 
Conversely strict anaerobes such as Clostridium sporogenes can be made 
to grow in an atmosphere of pure oxygen if the medium has a high 
enough reducing potential. This is easily achieved by supplying the 
organisms with a medium rich in cysteine or other powerful, non¬ 
toxic reducing agent. 

The ability to flourish under completely anaerobic conditions is one 
of the outstanding characteristics of bacterial life. Considerable 
synthetic powers are shown in other ways, however. Probably the 
most striking of these is described as “autotrophism.” Certain bacteria 
can flourish in the complete absence of organic carbon compounds, 
and without making any call on light energy. Carbon is obtained 
only from atmospheric carbon dioxide and energy is obtained by the 
oxidation of a purely inorganic constituent in the medium. These 
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organisms are usually found in soil or water and morphologically occur 
as spherical forms or short rods. Many of them are placed together in 
one bacterial family, the Nitrobacteriacea, but some, notably the iron 
bacteria, occur in other groups. 

There are three main types of autotrophic bacteria. Nitrifying 
bacteria are perhaps the most important, the oxidizable material being 
ammonia or nitrites. Sulphur bacteria oxidize elementary sulphur or 
hydrogen sulphide, and iron bacteria oxidize ferrous salts. The role 
of the autotrophs is to supplement the activities of their biochemical 
counterparts. Thus the nitrifying organisms deal with the ammonia 
arising from the hydrolysis of proteins by saprophytic bacteria and 
similarly the sulphur bacteria play an important part in Nature’s 
sulphur cycle. The biological role of the iron bacteria is less clear. 

Although most autotrophs are facultative, that is they can also grow 
on media containing carbon compounds, there are a number which 
are obligate autotrophs. These organisms not only cannot utilize 
organic compounds, but their growth is actually inhibited in their 
presence. One of the iron bacteria Gallionella ferruginea is in this class. 
The main energy equation for this organism is— 

4FeC0 3 + 0 2 -f 6 H 2 0 -* 4Fe(OH) 3 -f 4CO, + 81 cal 

and it is this energy which is utilized in chemosynthesis, replacing the 
light energy used in photosynthesis by higher plants (Sartory and 
Meyer, 1948). 

In the case of the sulphur bacteria their energy requirements are 
probably met by oxidation (dehydrogenation) of hydrogen sulphide, 
reduction of carbon dioxide proceeding as follows— 

H 2 S 4 - H.,C 0 3 -> H.COOH + H 2 0 + S 
The sulphur is then oxidized to sulphuric acid (or its salts)— 

2S + 3O0 + 2H0O -*■ 2H0SO4 

An interesting member of the group is an anaerobic autotroph, 
Beijerinck’s Thiobacillus denitrificans. It cannot develop on organic 
media, the hydrogen acceptor for the oxidation of sulphur compounds 
being the nitrate ion— 


6 KN 0 3 + 5S + 2CaC0 3 -> 3K 2 S0 4 + 2CaS0 4 + 2CO a + 3N 2 

and the energy liberated being utilized to fix atmospheric carbon 
dioxide. This organism, and others like it, is common in water, mud 
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and soil, and the group is Nature’s connecting link between the sulphur 
bacteria and the denitrifying bacteria. 

Another member of the group is a strictly aerobic autotroph, 
Thiobacillus thio-oxidans which requires ammonium salts as the source 
of nitrogen. Its metabolism produces free sulphuric acid and it survives 
a pH as low as o-2, i.e. equivalent to 7 per cent sulphuric acid. It does 
not utilize carbonates but requires its carbon source in the form of 
carbon dioxide since it does not develop at a neutral or alkaline pH. 
Its energy requirements are met by the oxidation of sulphur and 
thiosulphates. 

Some of the biological value of the sulphur bacteria consists in 
rendering available the minerals of the soil by the production of 
sulphuric acid. Their activities in producing decay of cement and 
corrosion of buried pipes are unfortunate accidents for which they 
should be forgiven in view of their beneficial importance elsewhere. 

When it is remembered that these bacteria synthesize all their 

proteins, all their nucleic acids, and all their fats, carbohydrates, and 

vitamins; as well as co-ordinating their hosts of enzyme systems into 

self-reproducing cells; and that all this starts from inorganic salts, 

nitrogen as nitrate or ammonia, and carbon as atmospheric carbon 

dioxide, it is no exaggeration to describe the feat of synthesis as 
staggering. 

Almost equally startling powers of synthesis are revealed when 
other groups are examined. The short rod form, Pseudomonas 
aminovorans develops normally on a mineral salt solution containing 
monomethylamine as the sole source both of carbon and of nitrogen. 
The molecule of monomethylamine NH 2 .CH 3 contains only seven 
atoms. It has also been claimed (Rosset, 1947) that certain Myco¬ 
bacteria and Actinomycetes can develop on a medium containing only 
o-2 g of disodium hydrogen phosphate, o-i g of magnesium sulphate 
and o-1 g of potassium chloride per litre of solution. It will be observed 
that neither carbon nor nitrogen is supplied in this medium. It will be 
shown later that carbon fixation as well as that of nitrogen is accom¬ 
plished by micro-organisms so that it must be assumed that, in this 
case, the organisms fix enough of these essential elements to make 
hfe just possible. It is admitted that the growth is exceedingly 


As examples of powers shown by moulds reference may be made to 
the penicilhn mould, Penicillium notatum (Clutterbuck It al , 1932) 
This mould grows well on a purely synthetic medium wh^e sole 
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constituents are: glucose, 40 g; sodium nitrate, 3 g; potassium 
chloride, 0-5 g; magnesium sulphate, 0-5 g; ferrous sulphate, o-oi g; 
potassium dihydrogen phosphate, rog; distilled water, to 1 1 . It is 
to be noted that the sole carbon source is glucose and the sole nitrogen 
source is a very small quantity of sodium nitrate. Yet from these rather 
uninspiring starting materials the mould produces: penicillin, which is 
a mixture of five closely related substances all containing a thiazoline 
and a / 9 -lactam ring, as well as a side chain varying in nature according 
to the penicillin but sometimes aromatic; notatin, which is a yellow 
enzyme and thus contains the riboflavin molecule as well as a protein 
macromolecule; a yellow pigment known as chrysogenin whose 
molecular formula is probably C 18 H 22 0 6 but whose structure has not 
yet been elucidated; and an alkali-soluble protein similar in many 
respects to the proteins found in leaves of higher plants. These are the 
substances which have actually been isolated. In addition there must 
be complex fats and waxes as well as a polymer, chitin, probably 
based on glucosamine from which the cell wall is made. All these 
products are formed in the absence of any added growth factors. 

It is interesting to record the variety of carbon sources available to 

er gives a remarkable list of substances 
available to the bacterium Pseudomonas putida. Among the substances 
used as sole carbon source are: fatty acids in the series acetic to nonylic; 
the unsaturated acids, a-crotonic, undecylenic, and oleic; the hydroxy- 
and keto-acids, lactic, 2-hydroxybutyric, and pyruvic; di- and 
tri-basic acids such as glutaric, fumaric, and citric acids; substituted 
acids such as 1- and 2-bromopropionic acids and bromosuccinic acid; 
alcohols in the series methanol to dccyl and including trimethylene 
glycol, 2 : 3-butylene glycol, and glycerol; a wide range of amino- 
acids; a number of carbohydrates; amines such as cadaverine 
NH 2 (CH 2 ).,NH 2 —which are powerful poisons to higher organisms— 
and benzylamine; amides such as succinamide, arginine, allantoin, 
and uric acid; and aromatic compounds such as benzoic and p- 
hydroxybenzoic acids. 

Similarly Aspergillus oryzae can produce all its needs on any one of 
fifty-one carbon compounds, and Aspergillus versicolor can utilize as 
sole carbon source long-chain paraffins up to C 34 H 70 (Birkinshaw, 

1937). 

In media in which glucose or glucose and tartaric acid are supplied 
as sole carbon sources remarkable chemical feats are performed. One 
may well ask (and in vain) how the mould Penicillium griseo-fulvum 
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(Dierckx) converts glucose into methyl salicylic acid. (Anslow and 
Raistrick, 1931)— 


OH OH 



(C 4 H 1 b O.) 


COOH 
CH S | OH 



methyl salicylic add 
(C|H|0|) 


or how Penicillium spiculisporium converts glucose into a long-chain 
product such as spiculisporic acid, C 17 H 28 0 6 (Clutterbuck et al t 1931). 


CH 3 

I 

(CH 2 ), 

I 

CH.COOH 

I 

CH- 

I 

CH.COOH 

I 

CH* 

I 

CO- 


Spiculisporic Acid 

(CjjHjgOg) 

Then one is confronted with more than one ring in the system. An 
example is helminthosporin, obtained by Charles et al 9 (1933) from 
Helminthosporium gramineum and again produced from glucose— 


HO O 



Helminthosporin 

(CijHjoOi) 


3—(T.3X0) 
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Another example concerns the metabolic products of Petiicillium 
brcvi-compactum. Amongst these is ergosterol palmitate, (Oxford and 
Raistrick, 1933). 

/ CH \ 


h 3 c—ch ch 



Ergosterol Palmitate 


Ergosterol palmitate contains a straight chain of sixteen carbon 
atoms, a phenanthrene nucleus fused with a five-membered ring, and 
a branched chain of nine carbon atoms. This complex substance is 
produced on a simple synthetic medium in which glucose and tartaric 
acid are the only sources of carbon. Ergosterol itself has been isolated 
from mycelium of Penicillium pubemlum grown on a medium con¬ 
taining glucose as sole source of carbon. This affords proof of the 
ability of moulds to synthesize this complex ring system from glucose 
alone (Birkinshaw et al ., 1931). 

Anaerobiosis, autotrophism, growth on restricted diets, and the 
synthetic feats outlined above are illustrations of some of the more 
remarkable aspects of the biochemistry of micro-organisms. Other 
surprising features concern the course of some of the reactions which 
take place. 

Reference was made above to tartaric acid as a source of carbon. 
This substance is usually converted into carbon dioxide and water, or 
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as above, into complex products in which the tartaric acid is lost. 
But in at least one case a curious dehydration takes place, and the mould 
Aspergillus fumigatus (one of the more common Aspergilli) converts it 
into ethylene oxide 1 : 2-dicarboxylic acid (Birkinshaw et al ., 1945 )* 
(See diagram at bottom of previous page.) 

This reaction is surprising as one cannot readily visualize dehydration 
taking place in an extremely dilute aqueous solution of tartaric acid. 
Other moulds also produce this acid (Sakaguchi et al. t 1939). 

Other reactions carried out by micro-organisms appear at first sight 
to be thermodynamically impossible. The best example of this type is 
the conversion of sugars into fats. Moulds produce quantities of fat 
when grown on glucose as sole carbon source. These fats are typical 
glycerides, and as such possess a higher energy content than the glucose 
from which they originated. Their formation is carried out in the 
dark so that no radiant energy enters into the reaction, and in cool 
aqueous solution so that no marked heat transfers take place. The 
reactions are almost certainly controlled by enzyme systems, that is 
they are catalytic, so that the free energy of the system ought to 
show a decrease, not an increase. Kluyver rightly pointed out that 
there is no need to postulate any “super-chemistry” to explain these 
facts. A complete explanation waits upon the physical chemists 

producing a theory of catalysis including enzymes as rather special 
cases. 

Clearly a series of coupled reactions must be involved in such a way 
that one set of reactions leads to a pronounced decrease in free energy, 
and the resultant chemical energy is utilized to build up molecules 
having a larger energy content. Thus one-third (say) of the glucose 
may be oxidized to carbon dioxide and water, and the other two- 
thirds built up into fats. It now appears that the chemical substance 
which is important in this connection is phosphoric acid. It has been 
known since the earliest days that phosphorus is an essential component 
of the diet of all forms of life, micro-biological as well as plant and 
animal life, but this intervention of phosphorus into the thermo¬ 
dynamics of the cell is quite new. 

There are several organic phosphorus compounds which possess what 
rs known as an energy-rich phosphate bond (Kluyver, 1952; Avison 
and Hawkins, 1951). In other words they are phosphates, the de- 
phosphorylation of which produces a considerable quantity of energy. 
The phosphate-ftee residue has this energy at its disposal in order 
to take part in reactions which are otherwise impossible. One such 



28 


THE CHEMISTRY OF MICRO-ORGANISMS 


compound is adenosine triphosphate which may be written (with a 
special symbol ^ for the energy-rich bonds)— 

H 

C-N 

X \ 

N C—NH 2 

\ / 

c=c 

II o o o 


N N—C 5 H 8 0 4 —P—O — P—O — P—OH 

III 

CH OH OH OH 

Adenosine Triphosphate (ATP) 


To anticipate the story of the yeast fermentation it can be shown 
that thirty-two molecules of adenosine triphosphate (ATP) are formed 
from the diphosphate (ADP) during the complete oxidation of one 
molecule of glucose— 

C 6 H 12 O e + 60 2 + 32ADP + 32H 3 P0 4 -* 6 C 0 2 + 32ATP + 38H 2 0 

It will be seen in a later chapter that the intermediate stages in the 
yeast fermentation, by which carbon dioxide and ethanol are produced 
from the glucose depends ultimately upon the production of ATP 
from ADP. The classic Lavoisier equation can now be re-written, 
therefore, as a supplement to the “combustion” equation above— 

C 6 H 12 O e + 2ADP + 2H 3 P0 4 -> 2C 2 H 5 OH + 2CO z + 2ATP + 2H z O 

Other energy-rich phosphate bonds are found in the following 
substances— 
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CH 3 —c=o 

I 

o 

l 

PO s H2 

Acetyl Phosphate 

In the first two cases the bond is between a nitrogen and a phosphorus 
atom and in the other three cases it is a hydroxyl group which is 
phosphorylated. 

This concept of the energy-rich phosphate bond has been used to 
explain, satisfactorily, the synthesis of fatty acids, peptides, carbo¬ 
hydrates, and various methylated and other compounds. It is already 
clear that eventually the physical chemists will provide energy diagrams 
as complete as the chemical formulae and reaction charts of organic 
and biochemists, and that these will be based upon the classic laws of 
thermodynamics. 

There still remains the interesting query as to why cells require all 
this energy. For example energy is required by resting cells of bacteria, 
cells which are not multiplying. Since they may also be non-motile, 
are kept in a thermostatically controlled incubator, and are in the dark, 
no energy should be required either for warmth, movement or chemo- 
synthesis. It is almost certain that the reason why energy is still 
required is that the mere fact of living demands certain very subtle 
electrical forces to be exerted across membranes. The non-proliferating 
cell consists of millions of protein molecules and hosts of enzyme 
systems. Materials continually reach the surface and are made to pass 
into the cell where they are adsorbed or desorbed into the various 
protein surfaces, becoming involved in numerous enzymic reactions. 
Many of these reactions, and in fact the very existence of the com¬ 
plicated structure of the cell is improbable in a thermodynamic sense. 
The whole complex can only be maintained in a steady state if a 
reservoir of energy is continuously available. In this way electrical 
double layers, interface potentials, differences in osmotic pressures, 
chenucal changes leading to an increase in free energy, and other 
unlikely processes are caused to take place. When the cell dies all this 
centralized and highly integrated system collapses and autolysis takes 
place. The enzyme systems destroy each other and the cell falls apart 
an unorganized mixture of amino-acids, peptides, carbohydrates, 
vitamins, and mineral salts being found in its place. 

So far attention has been directed to the cell as a whole, in fact to 
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whole races of cells, to general characteristics of genera and species. 
The remainder of this chapter will be devoted to a brief consideration 
of some extremely interesting and important aspects of the cell as a 
piece of chemical apparatus. 

Viewed from this angle any cell has two main purposes: firstly, to 
produce new cellular material, energy and the other effects associated 
with being alive; and secondly to produce other cells identical 
with itself. The first aim is the task of the cytoplasm and cell 
wall, and considerations of this part of the cell have already received 
attention. The second aim is under the control of the cell nucleus, 
which divides before the cell divides and transmits the hereditary 
characteristics. 

It is still not regarded as completely certain that bacteria contain a 
nucleus since the individual cell is small and methods of direct examina¬ 
tion can give misleading results. Special staining and microscopic 
methods have been used with success (Vendrely, 1950) but the results 
have to be accepted with caution, and results using the electron 
microscope have been disappointing up to the present time. 

However, combining the results of direct observation with those 
based on biochemical investigations, great advances have been made 
in recent years and it would probably be true to say that most cytolo- 
gists and bacteriologists regard bacterial cells as nucleate in a similar 
manner to those of yeast, fungal, plant, and animal cells. The bio¬ 
chemical evidence has depended greatly upon studies involving the 
nucleic acids. These acids are so named because the nucleoproteins 
(from which they are obtained by hydrolysis) were at first thought to 
be associated with the nucleus of the cells from which they were 
obtained. 

The nucleic acids themselves are highly complex, having molecular 
weights comparable with those of proteins. On further hydrolysis 
nucleic acids are depolymerized and the resultant products, nucleotides, 
are found to consist of a nitrogenous base united through a glycosidic 
link with a sugar molecule, the latter being esterified with phosphoric 
acid. When the phosphoric acid is removed by hydrolysis the product 
is the corresponding nucleoside. 

The complete hydrolysis products of a typical nucleic acid are 
phosphoric acid (4 mols.), a monosaccharide (4 mols.), purine bases 
(2 mols.), and pyrimidine bases (2 mols.). Nucleic acids are divided on 
the basis of their hydrolysis products, into two classes, ribonucleic acid 
and deoxyribonucleic acid. Some of the products of hydrolysis are 
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identical in the two cases, namely the two purine bases, guani n e and 
adenine, and one of the pyrimidine bases, cytosine— 
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As the other hydrolysis products, ribonucleic acid yields D-ribose; 
and deoxyribonucleic add yields D-2-deoxyribose, as the mono¬ 
saccharide— 


OH H 



d-2-Deoxyribose 


A different pyrimidine derivative is similarly obtained from each 
dass, namely uracil from ribonucleic add, and its methyl derivative, 
thymine, from deoxyribonucleic add— ’ 
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These results may be summarized thus 
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Deoxyribonucleic Acid 


Guanine Adenine Cytosine Phosphoric 

Acid 

Little is known of the protein moiety of the original nucleoprotein. 
It will be shown in what follows that it must play an extremely 
important part in the reactions based on the nucleoproteins. However, 
it is not as well characterized in a chemical sense, and until methods of 
dealing with proteins and enzymes have been further developed 
attention must be concentrated on the nucleic acids. 

All known types of living cells contain both nucleic acids, their 
function in the cells being quite distinct (Boivan, 1948). Ribonucleic 
acid is found in the cytoplasm of the cell and is especially abundant in 
young cells which are rapidly multiplying. Ribonucleic acid is not 
found in the nucleus of the cell except in very small quantities in certain 
structures known as nucleoli. The cell nucleus proper contains the 
deoxyacid exclusively, so that the transmission of hereditary 
characteristics appears to be the role of the deoxyribonucleoprotein. 
Several lines of research appear to show that the process of multipli¬ 
cation in all cells is the concern of the nucleoproteins. First the nucleoli 
begin to synthesize nuclear protein (including deoxyribonucleopro¬ 
tein), and when enough of this has been accumulated the nucleus 
divides. Meanwhile the cytoplasm, “directed” by the ribonucleo- 
protein, has been synthesizing new protein material. As soon as the 
nucleus has completed its division process the enlarged cell divides in 
its turn. The nucleus is divided between the two cells, and since 
deoxyribonucleoprotein is present in both parent and daughter cells, 
the new structure reproduces the parent structure except in certain 
rare cases. These may now be considered as they are of very great 
importance. 

It is best to consider them in terms of the well-known case among 
the bacteria, that of Bact. coli mutabile. When this organism, which 
is a variety of the well-known Escherichia coli or Bacterium coli, is grown 
on an agar medium containing lactose as the source of sugar, and an 
acid-base indicator (such as Neutral Red) to reveal pH changes in the 
medium, the following phenomenon is shown. The bacterial colonies 
which develop are white, showing that no acid has been produced. 
On keeping the culture plates for some days new colonies are thrown 
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up. These are red and indicate that acid has been produced. In other 
words the bacterial species at first isolated cannot ferment lactose. 
However, in the presence of lactose new strains are formed which 
possess this property. It is found that except in exceptional circum¬ 
stances the red colonies always breed true, but the white colonies 
always throw up a proportion of red colonies. It has been calculated 
that about once in ten thousand cell divisions, the daughter colony 
possesses this new character. 

The development of a new property by daughter cells which breeds 
true is termed a “mutation.” It is well known to hordculturalists, 
animal breeders, and biologists generally, and with the impact of 
chemistry on biology and the subsequent stimulation of biological 
interest among chemists, may be said to be a well-known phenomenon 
to most chemists also. 

Many further examples may be given among the micro-organisms 
and one or two more will be mentioned. The change just referred to 
is a biochemical mutation in that no microscopic change is observable 
in the shape of the cells. Other changes are morphological, i.e. concern 
the shape of the cells, and here the morphological and bio-chemical 
changes are linked in an interesting manner. Among bacteria the 
change is usually in the direction M. —> S —> R and is shown clearly in 
certain pathogenic types such as the pneumococcus. 

The ilf strain is so-called because it gives mucoid colonies. These are 
watery and colourless because of the heavy capsulation of the cells. 
The organism is a virulent pathogen in this stage. Continued culti¬ 
vation on agar medium, even enriched by blood and other adjuncts 
leads to the production of S or smooth colonies. These colonies are 
opaque, soft and buttery. They are less virulent than the M bacteria 
but are still pathogenic. They are normal in microscopic appearance, 
biochemical characteristics, and their ability to serve as sources of 
antigens and as immunizing agents. When these colonies are sub¬ 
cultured or stored a further change takes place and the colonies 
become rough (R). In this stage the colonies are granular, friable or 
tenacious. If the organism is capsulated or motile in the M and S 
forms these properties are lost in the R stage. The cells become 
e ongated and even “mycelial” in form with incipient branching. 
Many biochemical (enzymic) properties are lost, as well as patho- 

, Re _ slstance to bacteriophage is marked, unlike the cells in 
the M and 5 forms The R forms are often present in persons who are 
convalescent or suffering from chronic (long-standing) diseases. 
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A further type of change is described, the so-called G form. These 
arise from R forms and are described as tiny cells giving tiny colonies. 
Little well-authenticated information is available about this form of 
bacteria. It is suggested that they are viable fragments of bacterial 
cells. If their existence could be established their relationship to 
bacterial nuclei, and to viruses would be of great interest. 

Yeasts show almost exactly the same types of change. The usually 
oval cells become elongated and sausage-shaped recalling the S —> R 
change and, as with the bacteria, biochemical changes may be found. 
Among the moulds these changes are shown equally strongly but are 
often overlooked because mould colonies are almost by definition R 
forms. However, pathogenic moulds are usually unicellular in the 
animal lesions, and only on transference to artificial medium do the 
typical mycelial forms appear. 

A typical example is afforded by Blastomyces dermatitidis. This is a 
pathogenic mould producing a series of skin eruptions clinically 
described as “blastomycosis.” The organism is found in the lesions 
only in a yeast-like form as oval “bacterial” cells. In this form the 
organism was found to be stable only at body temperature (37°C). At 
25°C it spontaneously passed to the mycelial mould form. The rates 
of respiration were compared and it was found that the “bacterial” 
form always showed five times the metabolic activity of the “mould” 
form. The latter is a resting, resistant stage, the former is more 
sensitive but far the more active biochemically. This variation 
has undoubted survival value. When the mould is in a suitable 
environment at 37 0 it assumes the “bacterial” form adapted to rapid 
division and rapid metabolism. However, when circumstances 
change and the cells find themselves in soil or on wood at 25 0 their 
nature changes and they mutate, the new form surviving being the 
“mould” form. 

A similar case among pathogenic moulds is shown by Sporotrichutn 
schetikii , an organism infecting wounds and then found in the 
“bacterial” form, the mould form arising on artificial media. 

In the micro-organisms there are thus changes in form due to 
environmental alterations, and other changes which are apparently due 
to inner causes. The two types blend and some changes, as in Blastomy¬ 
cosis dermatitidis above are clearly dictated by circumstances, whereas 
in others the effect of external circumstances is less marked. 

This difficulty is especially notable when the part played by the 
nuclear deoxyribonucleic acid is considered. The rough ( R ) variant 
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of Diplococctts pneumoniae may be converted into the smooth ( 5 ) form 
by the following procedure. A culture containing S forms is killed by 
heat, and mixed with a living culture of the non-virulent R form. 
On infecting a mouse with this mixture it develops a septicaemia 
(generalized blood poisoning) and dies. The organism now isolated 
from the corpse is exclusively the S or virulent form of the pneumo¬ 
coccus. In other words the living non-virulent culture has acquired 
the virulent characteristics of the dead cells. Other examples of this 
phenomenon are known. The same process of converting one type 
of bacterial culture into another can be carried out in test tubes. A 
bacterial species of one type, cultured in the cell-free culture filtrate of 
a second type acquires the properties of the second type and transmits 
them to its progeny. 

Clearly some chemical substance is important in this change, and all 
the evidence shows that it is deoxyribonucleic acid. This may be 
illustrated by the following example, given by Boivan, using E. coli. 
Two coliform organisms C x and C 2 were isolated from human faeces. 
These showed several biochemical differences. The specific polysac¬ 
charide obtained from C x contained uronic acids. These are not found 
in that from C 2 . Similarly is unable to ferment sucrose whereas C 2 
does so very readily. Cultures of C 2 are obtained normally in the 5 
form and spontaneously mutate into the R form. If this culture is now 
treated with a preparation of deoxyribonucleic acid obtained from the 
5 form of C 1 it furnishes the S form of C x and this in its turn 
spontaneously throws up the R form of Q. 

This remarkable chemical transformation of the R form of one 


strain, C 2 , into the 5 form of a completely distinct strain, C ly is brought 
about only by the deoxyribonucleic acid derived from Q and not by 
any other deoxyribonucleic preparation, or by any other products 
derived from bacteria, or animal or vegetable tissues. 

These changes have been described as “directed mutations.” The 


example just given is a chemically directed mutation. Physical agents 
such as heat, pH changes, changes in diet, and irradiation cause similar 
changes. One of the difficulties in this field is the danger of a con¬ 
taminant being regarded as a mutant. There are several methods of 


overcoming this difficulty. Amongst these is the use of an organism 

which is not found as an aerial contaminant. This was done by 

Hollaender and Emmons (1947) using a mould, Trichophyton menta- 

grophytes which was repeatedly sought amongst air-borne contami¬ 
nants without success. 
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These authors exposed conidia of this mould to ultra-violet irradia¬ 
tion (2537-2650A) killing 90-99 per cent of them. Of the survivors 
40 per cent gave colonics very different from the parent ones. The 
colonies were so distinct that experienced mycologists would describe 
them as distinct species. 

The new “species” are “true” in the sense that they do not revert to 
the parent type, and yet they are still dermatophytic (capable of 
producing lesions on the skin of animals) showing that only some of 
the parent characteristics are lost. 

Consideration of the quantity of radiation producing a recognizable 
mutation rate indicate that very little is required. It has been calculated 
that the biologically effective radiation received on a bright and sunny 
day in Washington, U.S.A., is 2,000 mW-sec/cm 2 . In experiments 
carried out with Aspcrgilleus terreus it was found that 230 mW-sec/cm 2 
gave a 6 per cent mutation rate in the 10 per cent of the spores surviving 
irradiation with 2967 A. Thus about one hour of bright sunlight would 
produce a measurable increase in the mutation rate of mould spores on 
the earth’s surface. This is an interesting suggestion of the method by 
which new strains and species of micro-organisms may arise. 

The very large molecular weights of ribonucleic acids, and of other 
constituents of cells is probably a reason why small doses of radiations 
are effective. It is only necessary, for example, to damage a single 
unit, an amino-acid or a sugar residue, in these large structures to 
produce a profound alteration in the cell dependent on them. The 
importance of nucleoprotein is shown in another connection which 
has been discussed by Hinshelwood (1946). 

It is a well-known chemical engineering fact that if a reaction is 
carried out on the ten-gramme scale in a half-litre flask and the 
reaction mixture becomes warm, great care is required if this reaction 
is to be transferred to pilot-plant scale based on ten-ton batches. The 
reason is equally well known and has been described as the “scale-up 
effect. The amount of a chemical reaction is determined by the volume 
of the system whereas the rate of loss of heat to the surrounding 
medium is determined by the surface area. Volumes increase as the 
cube of the linear dimension, areas only as the square. Thus the 
quantity of heat generated increases relatively faster than the oppor¬ 
tunity for it to escape, and an explosion may result. This is one reason 
why laboratory experiments pass through a semi-technical stage before 
the pilot-plant stage is reached. 

The first living cells must have had the same problem. Their increase 
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in size, based upon a balanced system of enzymes-must inevitably have 
stopped as soon as the conflict between volume and area made itself 
felt. In this case the quantity of chemical change in the cell is con¬ 
ditioned by its volume. The rate of influx of new material and 
excretion of old material is determined by the surface area of the 
membrane surrounding the cell. The stress would lead to the life of 
the cell being short, for monstrous forms would arise leading to lysis 
and death. 

The production of deoxyribonucleoprotein was the answer. The 
nucleus concentrated this protein, and according to fine changes in the 
structure of the ribonucleic acid part, the characters of the cell were 
bound up with it. At a certain stage the concentration of some inter¬ 
mediate, or a change in the balance of the enzyme system, led to 
division of the nucleus. The new nuclei gathered cytoplasm around 
them and the cell divided, each nucleus taking its appropriate share of 
the cell. 

The interesting change produced by penicillin shows what happens 

when this process is impeded. In cells which have been exposed to its ' 

action nuclear division is not inhibited. It is the final step by which 

the cell divides which is checked. Giant forms of Proteus species or of 

Escherichia coli rods, or immense swollen cocci of Staphylococcus result, 

and the operation of the “scale-up” effect soon produces the death of 
the cell. 

Changes indicated so far have clearly been imposed upon the 

bacteria by outside influences, for example, conversion of rough to 

smooth forms by provision of an alternative form of deoxyribonucleic 

acid. In many cases, perhaps more especially in those induced by 

radiations, these changes are explained most simply on the mutation 

theory based upon differences in nuclear structure, and in daughter 

cells compared with parent cells. We may now turn to cases equally 

important and interesting in which micro-organisms are caused to 

alter their character by training in a similar manner to the training of 

animals. Many cases of such training are known, and two main types 

are gencr^y recognized. In the first, micro-organisms are trained to 

utilize substances upon which they cannot usually grow. In the second 

type they are trained to grow in the presence of normally lethal 

quantities of anti-microbial agents. A slightly modified type of training 

is that m which organisms are trained to produce their own vitamins, 

thus growing in the absence of a substance previously essential and 
needed to be supplied from outside. 
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The general method of training a bacterial species is to change the 
constituents of the medium a stage at a time at each sub-culturing. A 
good example is given by Hinshclwood (1946). E. coli does not 
readily utilize ammonium sulphate as its sole nitrogen source. On the 
other hand it readily utilizes asparagine. A series of ten lots of media 
are made up, all containing glucose as carbon source, mineral salts, and 
ammonium sulphate, and also decreasing quantities of asparagine. For 
the first sub-culture the strongest asparagine solution is used. After 
24-48 hr the organism is sub-cultured into a weaker medium (in 
terms of asparagine concentration). When growth has taken place 
a third sub-culture is made into a still weaker asparagine solution 
and so on, until eventually the organism is using a medium containing 
practically no asparagine at all. It is finally sub-cultured into a medium 
containing no asparagine. The organism is now trained. It will 
readily “forget,” however, and if the property is to persist frequent 
sub-cultures are needed, or else the organism may “revert” and die. 

There are limitations to the process. For example no amount of 
training will enable Aerobacter aerogenes to grow on erythritol instead 
of glucose, glycerol or lactose no matter how insidiously the change is 
brought about. 

Resistance to drug action is taught in the same way. First the lethal 
concentration of the drug is determined, then a series of sub-cultures 
are made in a sub-lethal concentration. When the organism has 
become acclimatized batches of media are made up containing 
gradually increasing quantities of the drug. Eventually the training 
reaches the stage where a one-hundred-fold multiplication of the 
lethal dose does not prevent the organism from growing. Here again 
there are limitations. Although Aerobacter aerogenes can be trained to 
grow in extra lethal quantities of sulphonamides, acidine derivatives, 
potassium tellurite, and triphenylmethane dyes such as methylene blue, 
it cannot be trained to resist phenol even in one hundred sub-cultures 

(Hinshelwood, 194b). 
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CHAPTER III 


BACTERIA AND MOULDS IN NATURE 


Bacteria and moulds show a certain complementariness in their 
natural habitats. The degradation and synthesis of protein material 
seems often to be the concern of bacteria, and the moulds are corres¬ 
pondingly active with fats and carbohydrate-like materials. This 
sweeping statement needs modification in details, but it is a general 
tendency. We thus find that bacteria play the most prominent part in 
Nature’s nitrogen cycle. 

The synthesis of protein material from inorganic sources is carried 
out exclusively by vegetable life, upon which animals are parasitic. 
Higher plants share with bacteria this synthetic ability. However, 
bacteria alone are endowed with the truly remarkable power of fixing 
atmospheric nitrogen. Only within living memory has man succeeded 
in carrying out a similar process. But whereas man uses high pressures 
and temperatures and contact catalysts of various kinds, bacteria work 
under normal conditions, and without radiant or other energy supplies, 
inning with 

utilizable inorganic nitrogen compounds by two main processes in 
Nature. The first process is purely physical and chemical, the con¬ 
version by lightning and other electrical forces of nitrogen into nitric 
acid. This process docs not concern us except that it provides plants 
with one of their sources of inorganic nitrogen, and bacterial nitrate 
reducers will clearly reduce this nitrate as well as nitrates obtained from 
biological sources. 

These sources are exclusively microbial and constitute the second 
process just referred to. Nitrogen is reduced to ammonia and this is 
oxidized to nitrates which are again reduced via nitrites by other 
groups of bacteria. Bacteria utilize some of the combined nitrogen to 
build up their own cell structures and on death and autolysis the 
amino-acids, vitamins, and nucleic acids are available as raw material 
for other groups. In particular the proteins and amino-acids are 
eventually incorporated into plant or animal structures, which are 
themselves continuously dying. The degradation of their tissues again 
leads to great microbial activity (moulds must not be ignored here) 



atmospheric nitrogen, this is converted into 
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and ammonia is produced* in great quantity. Some of this is utilized 
by micro-organisms or plants as it is formed, the rest is oxidized to 
nitrites or nitrates. Some of the nitrate is utilized by plants, some is 
reduced by bacteria, and some is acted upon by “de-nitrifiers” to give 
elementary nitrogen. 

This is the overall picture. Some of the details may be given in 
order to clarify it. The nitrogen “fixing” organisms may be divided 
into three main groups: the anaerobes, the aerobes, and the symbiotic 
organisms. 

The anaerobic fixation of nitrogen is closely bound up with carbon 
metabolism. The limits of bacterial synthetic powers appear to be 
reached here because there is no known case of a bacterium which is 
simultaneously able to utilize atmospheric carbon dioxide and also 
atmospheric nitrogen either in the presence or absence of oxygen. 

The classic work of Winogradsky (1893) showed that under 
artificial conditions about two milligrammes of organic nitrogen 
(incorporated into the bacterial cells) was produced per one gramme 
of glucose fermented by the anaerobic organism Clostridium pastorianum. 
Winogradsky also showed that when ammonia was added to the 
medium nitrogen fixation was inhibited. Following the Law of Mass 
Action this would be consistent with a very simple equation of the 

^P 6- n 2 + 3 H 2 ^ 2NH3 

The atmosphere normally contains o-oi per cent of hydrogen com¬ 
pared with 0*02-0-03 per cent of carbon dioxide so that even if no 
hydrogen were obtained from the glucose fermentation itself sufficient 
would be present in the atmosphere. The continual removal of 
ammonia as fast as it was formed would force the reaction to the 
right, so that although the equilibrium is overwhelmingly to the left 
at normal temperatures and pressures an appreciable quantity of 
ammonia could be formed by this means. 

Clostridium pastorianum is a typical sporing, anaerobic rod form 

endowed with all the usual characteristics of bacteria. It differs from 

numerous other Clostridia only in the remarkable synthetic powers 

outlined above. It is found in soil, mainly in the lower layers. Carbon 

compounds, dissolved out of the humus by the rain, reach these layers 

together with dissolved nitrogen, and enable the nitrogen fixation to 
take place. 

Fixation of nitrogen by aerobic organisms is at least as important 
as that just considered. The classic work in this field is due to 

4—(T.510) 
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Bcijerinck (1901) who isolated an oval, yeast-like bacterium, Azoto - 
bacter chroococcum , from soil and muddy water. It was somewhat 
difficult to free it from a contaminating rod-like organism, Alcaligenes 
radiobacter. This was one of the first examples of symbiosis for it has 
been shown that the two organisms supplement each other’s needs. 
A. chroococcum can fix atmospheric nitrogen aerobically or anaerobically 
when grown on media containing glucose or, better, mannitol. 
Ammonia, nitrites and nitrates are formed, together with carbon 
dioxide, and traces of ethanol, lactic acid, etc., derived from the carbon 
compound. Alcaligenes radiobacter can similarly be grown aerobically 
or anaerobically but it is predominantly a de-nitrifier. It reduces 
nitrates to nitrites and ammonia and eventually to elementary nitrogen. 
Under “normal” conditions this nitrogen is lost but conditions are 
never normal, since the close proximity of A. chroococcum ensures that 
this nitrogen is reduced to ammonia. 

This symbiotic system works in a manner analogous to a nitrogen 
reservoir or buffer. In the presence of traces of nitrates both organisms, 
especially with young cultures, are intensely active and much nitrogen 
is fixed. If the concentration of nitrate is excessive the balance between 
the enzyme systems is disturbed and little fixation takes place. A. 
radiobacter reduces this concentration to the right level, producing 
conditions favourable for the growth of Azotobacter chroococcum , 
growth of which traps nitrogen and thus still further assists the recti¬ 
fication process. In older cultures fermentation of carbohydrates 
continues but nitrogen fixation is in abeyance. The system is thus 
typically natural and flexible. 

The third type of nitrogen fixation is carried out 
highly developed symbiotic process. This symbiosis involves higher 
plants, especially the legumes, such as clover and the pea family, and a 
bacterium, Rhizobium leguminosarum. This organism is a rod form 
found in the soil. During its development near the rootlets of the plant, 
it produces lesions which develop into nodules. These may easily be 
seen if the roodets of a clover plant are washed out in water. Within 
these nodules the bacteria develop utilizing soluble carbon compounds 
derived from the plant. For their part the bacteria fix atmospheric 
nitrogen, supplying inorganic nitrogen compounds for the plant. 
Thus in this case of the two essential plant constituents, nitrogen and 
carbon, the first is supplied by the bacteria in exchange for the supply 

of the second by the plant and conversely. 

The exact chemical process by which the fixation takes place remains 


by a much more 
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obscure. It does not appear that ammonia is an important product, 
and Virtanen has suggested that hydroxylamine, NH 2 OH, is important. 
The nodules contain a red pigment which is closely related to, or may 
even be identical with, haemoglobin. The scheme proposed is— 

Haemoglobin + N Oxyhaemoglobin + NHjOH 
(Fe++) (Fe+++) 

The conversion of hydroxylamine to nitrates by cellular oxidizing 
enzymes presents no difficulty in theory, but the much more com¬ 
plicated synthesis into cellular proteins requires further elucidation. 

Virtanen suggests that hydroxylamine condenses with oxaloacetic 
acid (a well-known sugar breakdown product) to give the oxime— 

HOOC—C=0 + H 2 NOH -> HOOC—C=NOH + Hj.0 

I I 

CHjCOOH CH 2 COOH 

which is now reduced to aspartic acid— 

HOOC—C=NOH + 2H 2 -> HOOC—CH—NH 2 + HjjO 

I I 

CH 2 COOH CHjCOOH 

The aspartic acid may now be decarboxylated to give /9-alanine— 

HOOC—CH—NHo -> HOOC—CH—NH 2 + CO* 

I I 

CHjCOOH CH 3 

or it may be deaminated to give ammonia and fumaric add— 


HOOC—CH—NH 2 -> HOOC—CH + NH 8 


CH—COOH 


CHjCOOH 


or by means of transaminase enzymes the amino group may be trans¬ 
ferred to another keto-add yielding another amino-add. 

In support of these suggestions Virtanen states that L-aspartic add, 

^-alanine, and the parent add oxime have all been detected in the 

bacterial metabolic products. This view has been criticized by Wilson 

and Bums ( 1947 ) who regard ammonia as the key intermediate in the 
case of Azotobacter spedes. 

The part played by moulds in Nature’s carbon cycle is less spectacular 
but is of fundamental importance because it largely concerns the 
disposal of waste carbohydrates, especially cellulose and other veeet- 
able debns. Cellulose-splitting moulds such as Aspergillus fumigatus, 
Tnchoaerma vmde (a green mould), Chaetomium globosum (a black 
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mould), and many species of Penicillium and other fungi imperfecti are 
important here. Under certain conditions higher fungi such as the 
wood-rotting Basidiomycetes are also important. Bacteria can also 
participate, organisms such as the anaerobic Clostridium methanigenes 
and Cl. cellulolyticum , and the aerobic Cytophaga hutchinsoni and 
Cellulomotuis being active cellulose-decomposing agents. However, 
in the humus, the top fertile layers of soil, it is largely the moulds 
which degrade cellulose to simple soluble products, or to carbon 
dioxide and water, and thus prevent the accumulation of vast quantities 
of woody waste. 

It is notable that Nature has not yet developed a method of 
disposal of such waste material under acid, semi-anaerobic conditions. 
These prevail in peat bogs and in waterlogged locations where cellulosic 
materials are preserved almost indefinitely. 

Moulds are especially well adapted to the task of the disposal of 
waste cellulose. When they are growing on any substratum, whether 
a rich one like a glucose-protein diet, or a very poor one such as is 
usually present in the soil, mould metabolism is directed to two 
objectives. These are the rapid production of cellular material, which 
eventually forms the mycelium, and the maximum possible chemical 
utilization of the substrate for energy needs. Since moulds are intensely 
aerobic organisms this means that in soil, and often in laboratory 
experiments, the only products found are mycelium and carbon 
dioxide and water. This is well illustrated in cellulose degradation. 

Cellulose consists of a chain of /?-glucopyranose units linked through 
the i : 4-positions. In its degradation by moulds there is very little 
evidence of any intermediates being formed between the highly 
polymerized cellulose on the one hand, and carbon dioxide and water 
on the other. There is evidence, based mainly on work with Cytophaga 
hutchinsoni , that hydrolysis takes place. Utilization is far slower in the 
presence of cellobiose or glucose which would agree with the reversal 
of the reactions— 

(C 6 H 10 O 5 )h + %ti H z O —>- \n (C 12 H 22 O n ) 2 

cellulose cellobiose 

Ci 2 H 22 0 11 -T 2H 2 0 —> c 6 h 12 o 6 

cellobiose glucose 

in accordance with the Mass Action Law. 

Cellulose degradation is always a very slow process. It is detected 
by immersing strips of filter paper in tap water containing a little soil. 
The test has to be carried out over at least three weeks at room 
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temperature before any marked cellulose breakdown takes place. 
When it is recalled that micro-organisms readily utilize both disac¬ 
charides and monosaccharides it is clear that the rate-determining step 
in this case is the one which solubilizes the cellulose. Since this is a 
slow and difficult process the intermediate products are utilized before 
they can collect in the medium. The reason why these products are 
not detected therefore is that they are used preferentially by the 
micro-organisms. 

Moulds similarly deal with protein waste material by breaking it 
down completely. Few products are obtainable apart from ammonia, 
carbon dioxide, water, and sometimes hydroxy acids. Yeasts which 
play no part whatever in cellulose or starch breakdown (until the 
glucose stage is reached) play some part in protein degradation. The 
proteins are hydrolysed to hydroxy-acids and ammonia— 

Protein-» R.CH 2 .CHOH.COOH + NH, 

hydrolysis 

and decarboxylation follows— 

R.CH,.CHOH.COOH -> R.CH 2 .CH 2 OH + C 0 2 
Alternatively oxidative deamination and decarboxylation takes place— 
R.CHo.CH.COOH + |0 2 R.CH 2 .C(OH).COOH 

I I 

NH 2 NHj 

-*■ r.ch 2 .co.cooh + nh 3 

-> R.CH 2 .CHO + C 0 2 

This is followed by reduction— 

R.CH 2 .CHO -> R.CHj.CHjOH 

This is the suggested scheme by which fusel oils appear in the yeast 
alcoholic fermentation discussed in the next chapter. 

However, just as moulds have been studied most intensively for 
their carbohydrate metabolism, so bacteria have given the most 
interesting and varied results in studies on protein breakdown. 
Laboratory studies have mirrored Nature in this respect. 

Almost all bacteria are rich in proteolytic enzymes whether or not 
they are grown on protein-containing media. The first stages of 
protem breakdown are very similar to those obtained by ordinary 
chemrca 1 methods, e.g. by the use of dilute acids. The products are 
soluble peptones, and later amino-acids. The fate of these amino-acids 
depends on several factors such as the species of bacterium involved 

which rmg systems are present in the amino-acid residue, the tempera- 
ture, and the degree of aeration of the culture. 



46 


THE CHEMISTRY OF MICRO-ORGANISMS 


The general formula for any amino-acid (a-amino-acid) is— 

R.CH(NH 2 ).COOH 


where R may be aHphatic, alicyclic, or heterocycHc, or may contain 
sulphur, nitrogen or other elements. The simplest amino-acid, 
glycine (R = H, above) is particularly resistant to attack by micro¬ 
organisms. Apart from this, almost all the classic changes of organic 
chemistry arc found to take place. 

Simple hydrolysis of the amino-acid is common. One may instance 
the hydrolysis of DL-tyrosine. Here D-hydroxyphenyl lactic acid is 
produced by Proteus species and the L-acid by Bacillus subtilis — 


HO 



CHo.CH—COOH -► HO 



CHo.CH.COOH 


NH 2 + h 2 o 


DL-tyrosine 


OH + NH 3 

d- or L-hydroxyphcnyl lactic acid 


The equally simple decarboxylation to the corresponding amine 
provides an example of the rare degradation of glycine, in this case by 
Pseudomonas Jl uorescens — 

ch 2 (nh 2 )cooh ch 3 nh 2 + co 2 


Deamination—removal of the amino group—is achieved in several 
ways besides hydrolysis. Reductive deamination is carried out by 
some strains of E. coli — 


CHo.CH.COOH 




CH 2 .CH 2 .COOH 



NH 


indole propionic acid 


Aspartic acid, HOOC.CH(NH 2 ).CH 2 COOH, may be reductively 
deaminated in this way by Pseudomonas jluorescens , Proteus vulgaris, 
and other bacteria yielding succinic acid, or it may suffer a fate illus¬ 
trating another mode of attack. It is typical of the colon-typhoid 
group (£. coli , Eberthella typhosa , etc.) that they introduce a double bond 

into the amino-acid molecule— 


HOOC.CHo.CH—COOH -► NH 3 + HOOC.CH = CH.COOH 


NH, 

aspartic acid 


fumaric add 
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A similar change involves the same group of organisms but an 
amino-acid in which R is a ring compound (Raistrick, 1917)— 


HC=C.CH 2 .CH.COOH 

/ \ I 

HN N NH 2 

\ / 

CH 


histidine 


HC=C.CH=CH.COOH + NH S 

/ \ 

HN N 

\ / 

CH 

urocanic add 


Oxidative changes involving the carbon-amino group lead to several 
products. It is the typically aerobic process carried out by Bacillus 
subtilis, some yeasts, and many moulds. The initial reaction i 


OH 


2R.CH2.CH.COOH + O a -> 2R.CH2.C.COOH 


NH* NH 2 

followed by elimination of ammonia and production of an oc-keto- 
acid— 

R.CH 2 .C(OH)NH 2 .COOH -> R.CHa.CO.COOH + NH S 

This is unstable in vivo and is usually decarboxylated to the aldehyde. 
This aldehyde may then be reduced or oxidized according to the 
degree of anaerobiosis prevailing— 

R.CHg.CHaOH 

R.CHj.CO.COOH -> COj + R.CHj.CHC)'* 

o.\ 

R.CHj.COOH 

In the presence of dismutases both the last steps may take place 
together. r 

hydrocarbon—^ reduCti ° n ° f amino - acids to the corresponding 

R.CH(NH 2 )COOH R.CHj.CHj + CO a + NH a 

h bronght about rather infrequently. Anaerobic organisms may 
produce methane from glycme in this way. Methane is. however 

Mg^sms^ 7 F ° duCed by com P lete reduction of cellulose by these 

JZZSSrrr.”* ofthe 11111110 8 rou P> “ a common fate of 
amino-acids m winch a ring structure is present. After the introduction 
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of the double bond, as in the example given previously, oxidation leads 
to the production of a /?-keto add— 

R.CH 2 .CH.COOH^ R.CH=CH.COOH + NH 3 

I 

nh 2 

2R.CH = CH.COOH + Oo -> 2R.CH(OH) = CH.COOH 

jr 

r.co.ch 2 .cooh 

Hydrolysis of this acetoacetic acid derivative follows— 

R.CO.CH 2 .COOH R.COOH + CH 3 .COOH 

This step is often followed by decarboxylation of the acid R.COOH. 

These changes, involving ultimately the rupture of both heterocyclic 
and benzcnoid rings involve a number of intermediates, some of which 
are now known. 

The fate of tryptophan illustrate these stages and also the differences 
between the biochemical activities of the bacteria responsible. 

CH 2 .CH.COOH COOH 



tryptophan indole carboxylic acid 


This degradation is brought about by Salmonella paratyphi, Salmonella 
schottmiilleri (two intestinal bacteria), and Escherichia coli. 

The next stage is accomplished only by E. coli , the other organisms 
being unable to carry the breakdown any further. However, whereas 
aerobically E. coli yields indole, it yields skatole when conditions are 

anaerobic— 



NH 


skatole 
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In a similar way E. coli produces the normally germicidal substances 



phenol 


Some of the organisms are capable of producing up to o*8 g per litre 
of pure phenol. 

These changes produce complete rupture of the heterocyclic ring in 
tryptophan. Rupture of the benzenoid ring takes place in cultures 
of organisms able to utilize this form of carbon as sole carbon source. 
These organisms are common in soil, sewage, and human faeces. 
Strains of Pseudomonas , e.g. Ps. Jluorescens , and of a species of Vibrio 
(Vibrio. Oi) convert phenol and p-cresol into succinic, acetic, and 
formic acids (Evans et al ., 1951). (See scheme on p. 50.) 

The intermediates are still the subject of investigation but there is 

reason to believe that m-c/s-muconic acid (from catechol) and the 

corresponding 2-carboxy-acid (from protocatechuic acid) are the 
important acids here— 


OH 


oc 


CHj 

j^^COOH ^ CO^COOH 
^y-COOH 


CHj COOH 



catechol 


CHj, 

cis-ds-mucomc add 0-keto adipic add 



f^COOH 


hoocxV 


The next stages are 
not known 


HOOc/V/\oH 

protocatechuic add ^carboxymucoaic add 

The transformation of the muconic add derivative into B -keto aclinic 
aad is assumed to follow hydration or isomerization, migration of die 
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OH 


HoC 




OH 


HOCH. 




I 

Intermediates 


p-hydroxybenzyl alcohol 

I 

OHC 


CH. 


HOOC 


/ 

CO 



CH, 

V / 

ch 2 

/?-kctoadipic acid 


COOH 


COOH 



p-hydroxybenzoic add 


HOOC 



protocatcchuic add 

CHo—COOH 

| + CH 3 COOH + H.COOH 

CHo—COOH acetic acid formic acid 


succinic acid 

Rupture of Benzenb Ring by Micro-organisms 

(Evans et al., I95 1 ) 



BACTERIA AND MOULDS IN NATURE 


5i 


double bond, and ketonization of the hydroxylated double bond first 
formed. In its simplest expression the reaction sequence is put— 

X CH \ 

CH COOH 

I 

CH COOH 

^ch/ 

riwu-muconic add 


/CH*v 

CO COOH 

1 

CHj COOH 

'\m/' 

/5-kcto adipic add 

In support of this scheme it may be noted that although the enolic 
form of /?-keto adipic acid is not known, its precursor, the unsaturated 
enolic acid, is readily converted into fi-keto adipic acid when treated 
with enzyme preparations derived from the bacterial cells. Acids 
having a somewhat similar structure did not yield /S-keto adipic acid 
under the same conditions. 

Having discussed the biochemical activities of bacteria, especially in 
relation to proteins, attention may now be turned to moulds, paying 
special attention to some aspects of their carbohydrate metabolism. 

It is a characteristic of moulds that they produce a large quantity of 
cell structure very quickly. Whereas bacterial cultures will often 
enter upon their senescent stage after two or three days (Mycobacteria 
and Streptomycetes being notable exceptions) moulds often thrive for 
several weeks, and this after building mycelium from the very first 
days of growth. The efficiency of the individual cells ‘is very high. 
This is shown by the fact that in young cultures only a few days old, 
grown on carbohydrate media, the sole products are mycelium, carbon 
dioxide, and water. Complex metabolic products do not usually 
appear in quantity for at least two weeks. By this time a firm felt has 

frequently been formed and almost all the readily assimilated carbo¬ 
hydrate, e.g. glucose, has been utilized. 


H,0 


CH 

CH(OH) COOH 


COOH 


CH 

Vh' 

unsaturated 
enolic add 


migration of double 
bond 


/ CH ’\ 
CH(OH) COOH 


CH COOH 
^CH,/ 

enol form of/5-keto adipic add 
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The synthetic activities of moulds are illustrated by their ability to 
build up polysaccharides of high molecular weight. These are often 
of an unusual type, and moreover show conclusively that moulds can 
convert one sugar into another. A good example of these points is the 
acidic polysaccharide, luteic acid (Raistrick and Rintoul, 1931). This 
substance was found in the very viscous culture solution obtained 
when Petiicilliutn luteum Zukal was grown at room temperature for 
19 to 20 days on Czapek-Dox solution (glucose 50 g, or sucrose 30 g, 
sodium nitrate 2 g, potassium dihydrogen phosphate 1 g, potassium 
chloride 0-5 g, magnesium sulphate heptahydrate 0-5 g, ferrous sul¬ 
phate heptahydrate o-oi g, distilled water to 1 litre). The filtered 
culture solution was evaporated in warm air to about one twelfth of 
the original volume. Treatment with ethanol and ether gave a toffee- 
like precipitate of the magnesium salt of luteic acid, the free acid being 
obtained from this salt by the use of hydrochloric acid. 

Luteic acid is a white, hygroscopic powder which on hydrolysis 
yields a neutral polysaccharide, luteose, and malonic acid. Luteose 
contains only glucose units and in the parent luteic acid two glucose 
units and one malonic acid residue are linked in such a way that one 
carboxyl group is left free. This is an unusual structure for a poly¬ 
saccharide and affords an instance of malonic acid appearing as a mould 
product. It is of greater interest that luteic acid is produced not only 
on a culture medium in which glucose is the sole carbon source, but 
also on media in which the glucose is replaced by fructose, mannose, 
galactose, xylose, arabinosc or glycerol (Birkinshaw and Raistrick, 
1933). Hence Petiicilliutn luteum can convert glycerol, a pentose, or 
hexoses into the glucose units incorporated in the final polysaccharide. 

Mannose and galactose appear in polysaccharides produced by 
another Petiicilliutn , P. charlesii , again on a glucose medium (Clutterbuck 
et rt/., 1934). Mannocarolose— 



Mannocarolose 
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has a structure which is unique for a manno-polysaccharide; and 
galactocarolose— 



8-9 

Galactocarolose 

is composed of sugar residues all in the furanose form (Haworth 
d; 1935 ). 

Another polysaccharide having a unique structure has been obtained 

from Penidllium varians G. Smith by Haworth and his co-workers 

(i 935 ). This substance, varianose, (C 6 H 10 O 6 ) is a white, amorphous 

powder. It is neutral in aqueous solution, and has [a]^ = + 15 0 . It 

is produced on a Czapek-Dox solution in which glucose is the sole 

carbon source. The glucose molecules are converted into a chain of 

six to eight ^-galactopyranose units, with a glucopyranose unit at one 

end, and a unit of either L-altrose or D-idose at the other. Here we 

have three different hexoses in the one polymer, a remarkable example 

of the mould’s ability to manipulate the sugar supplied for growth. 

A curious difference between bacterial and mould metabolism is 

shown in the production of mannitol (Birkinshaw, Charles, Hethering- 

ton, and Raistrick, 1931). Bacteria produce mannitol by reduction 

of fructose or sucrose. In the latter case the glucose half of the sucrose 

molecule is converted mainly into lactic arid, the fructose half being 

reduced. Moulds also produce mannitol from glucose but are 

apparently unable to produce it from fructose. Surprisingly they also 

produce mannitol not only from mannose, the corresponding monose, 

but aiso from the pentoses xylose and arabinose, illustrating once again 

tiie facility with which sugar interconversions are carried out (Coyne 
and Raistrick, 1931). ' 7 
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The following scheme shows the relationships between these sub¬ 
stances, the old Fischer formulae being used for clarity— 


Mannitol production by micro-organisms 


CHoOH 

c=o 

HO—C—H 
H—C—OH 

I 

H—C—OH 

CHoOH 

d-Fructose 


CHoOH 
HO—C—H 


reduction 

- > 

by bacteria 
but not moulds 


HO—C—H 

I 

H—C—OH 

I 

H—C—OH 

I 

ch 2 oh 

d-Mannitol 


CHO 

H—C—OH 
HO—C—H 
H—C—OH 

I 

H—C—OH 

I 

CHoOH 

d-Glucose 

CHO 

I 

H—C—OH 

I 

HO—C—H 
H—C—OH 
CH 2 OH 

d-Xylose 


CHO 

I 

HO—C—H 
HO—C—H 
H—C—OH 
H—C—OH 
CHoOH 

d-Mannose 

CHO 

I 

H—C—OH 

I 

HO—C—H 

I 

HO—C—H 

CHoOH 

l-Arabinose 


CHO 

I 

H—C—OH 
HO—C—H 

I 

HO—C—H 

I 

H—C—OH 

I 

CH 2 OH 

d-Galactose 

ch 2 oh 

I 

H—C—OH 

I 

HO—C—H 

I 

H—C—OH 
H—C—OH 
CH 2 OH 

D-SORB1TOL 


The bacteria carrying out the above reduction were isolated by 
Peterson et al. (1925) h° m a variety of sources such as soil, silage, 
and cereal infusions. The moulds concerned were various types ot 
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Aspergillus such as Aspergillus nidulans , Aspergillus catididus and Asper¬ 
gillus elegatis. 

The non-appearance of sorbitol amongst these products is surprising. 

For some reason moulds rotate the hydrogen and hydroxyl on carbon 

atom 2 and yield mannitol instead of the expected sorbitol. 

Another distinction between moulds and bacteria is that the acids 

produced are different in their nature. Moulds possess an oxidative 

metabolism so that mould acids are of the hydroxylated non-volatile 

type of which citric acid is typical. Others are oxalic, fumaric, malic, 

itaconic, and long-chain acids based on citric acid and referred to in 

Chap. IX. In bacterial metabolism, acetic and other volatile acids are 

very important. This is no doubt related to the reductive type of 

metabolism so frequently found even in aerobic bacteria. It is of course 

a major distinction between moulds and bacteria that no moulds have 

ever been shown to be anaerobic. For a similar reason methane and 

hydrogen are never found amongst mould metabolic products. 

A further important difference between moulds and bacteria is that 

very many moulds grow satisfactorily on carbohydrate media alone, 

whereas in the majority of cases bacteria require proteins and added 

growth factors for vigorous growth to take place. It may be noted 

here that yeast metabolism is related to that of bacteria in requiring a 

natural” rather than a synthetic medium. Some bacteria notably 

E. colt , Aerobacter acrogenes , and some of the acetic bacteria can be 

grown on synthetic medium, especially when they have been isolated 

on such media. For example, Serratia marcescens quite easily grows on 

a synthetic medium containing only glucose as carbon source, and 
readily produces its red pigment. 

The acids typically produced by bacteria are formic, acetic, propio- 
mc butyric and lactic. Succinic acid is also sometimes found. Lactic 

fori th 3 ^k 0 r 0H ’t Can be produced “ 411 three optical 
forms the DL-acid by Lactobacillus pentoaceticus, the D-acid by Strepto¬ 
coccus hctxs, and the L-acid by Leuconostoc tnesenteroides. 

Lactic acid is semi-volatile so that it is not surprising that some 

Sve fZ f - u A cT deS octopus related to Rh. japonicus 
gave a 40 per cent yield of lactic acid on medium containing 10 per 

of otr^^ 4 ^ Cm ^ (Kand ’ ^34). Submerged^ultums 
also SdtSr^’ ° f ' SpedeS ’ op -Aspergillus oryzae 

fatI h o e /rf n ° f kC f ’ 311(1 f ° rmic acids and *e ultimate 

of the formic acid gives an explanation of the well-known 
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diagnostic test for E. coli and Ebcrthella typhosa. These bacteria are very 
similar in many of their characteristics and it is sometimes very im¬ 
portant to be able to distinguish between them. The culture under 
examination is grown on a glucose—pH-indicator medium in such a 
way that any gas evolved is collected. E. coli yields acid and gas, 
Ebcrthella typhosa yields acid but no gas. The biochemical view is 
that under anaerobic conditions (reducing conditions) both E. coli and 
Ebcrthella typhosa produce lactic acid, accounting for 50 per cent of the 
glucose present. The rest is converted into ethanol, acetic, and formic 
acids. The enzyme systems of Ebcrthella typhosa (a pathogen) are less 
robust than those of£. coli, and whereas in the former case the formic 
acid is a metabolic product, in the case of E. coli it is decomposed— 

H.COOH -> H, + C 0 2 

This is thus the origin of the gas in the case of E. coli cultures (Pakes and 
Jollyman, 1901). 

The evidence so far indicates that bacterial metabolism follows the 
general lines of yeast metabolism in so far as acid production is con¬ 
cerned (see Chap. IV). Pyruvic acid and acetaldehyde are important 
substances in both types of metabolism. Acetaldehyde has been 
detected in culture media in which E. coli is grown on glycerol, 
mannitol, and glucose, also in cultures of acetic bacteria producing 
acetic acid from ethanol, and in fermentations involving Bacillus 
aceto-ethylicus and pentoses. Similarly pyruvic acid has been detected 
in many bacterial culture media including those derived from E. coli 
and Acrobacter aerogenes. The appearance of formic acid is a distinction 

between yeast and bacterial metabolism. 

The moulds produce simple metabolic products as well as the more 
complex ones mentioned in later parts of this book. Acetic acid as 
such is not produced probably because acetate is metabolized even 
more rapidly than glucose. Ethyl acetate is formed by Penicillium 
digitatum , one of the green moulds frequendy found on rotting oranges 
(Birkinshaw, Charles, and Raistrick, 1931). and ethanol is a common 
mould product. In fact some moulds, notably Aspergillus oryzae are 
better than yeasts as ethanol producers. Most species of Fusarium 
actually produce a much greater weight of ethanol than they o o 
mycelium (Birkinshaw, Charles, Raistrick, and Stoyle, I93H; 
would be expected ethanol (and also mannitol in the cases mentioned 
above) tends to be produced when conditions are those of restnete 
aeration, either when the air supply is reduced as in mannito 
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production, or when the mycelium becomes waterlogged or is 
otherwise submerged ( Fusarium and some Mucors). 

The mould acids are almost all non-volatile and show strong 
evidence of the oxidative nature of mould metabolism. Oxalic acid 
is found in numerous cultures on solid media as crystals of calcium 
oxalate. Aspergillus niger can easily be made to convert sucrose into 
120 per cent of its weight of calcium oxalate. Succinic acid (I), 


CH 2 .COOH CH.COOH 


ch 2 .cooh 

I) 


CH.COOH 

(II) 


CH 2 COOH 

I 

CHOH.COOH 
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fumaric acid (II), and malic acid (III), are all common mould metabolic 
products, although usually formed in small amounts. Little interest 
usually attaches to their isolation and if they were sought would no 
doubt be found in culture solutions from many mould species. Re¬ 
corded cases (Birkinshaw, 1937) are fumaric acid by Rhizopus nigricans , 
and malic acid by Aspergillus wentii and A. fumaricus . Succinic acid is 

produced by Aspergillus ter reus, many species of Mu cor, and other 
moulds. 

Citric acid (IV), is produced commercially from Aspergillus niger and 
is a characteristic product of certain types of Penicillium. It is typically 
produced on sucrose media but is also readily formed from glucose, 
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acetic acid, succinic acid, ethanol, and aconitic acid (V), again illus- 

to convert one type of carbon compound 

into another. However, oxalic acid appears to be a non-utilizable 
product. 

Aconitic acid and the dibasic itaconic acid (VI), are also mould 
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metabolic products, the first being produced by Aspergillus tiiger, the 
second by Aspergillus itaconicus or industrially by Aspergillus terreus 
(Moyer and Coghill, 1945). 

In view of the oxidative metabolism of moulds the frequent isolation 
of sugar acids is not surprising. Gluconic acid (VII), and glycuronic 
acid (VIII), have both been obtained from species of Petiicillium 
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together with fumaric, malic, and succinic acids. Gluconic acid always 
accompanies citric acid when this is produced on glucose media. 
Mannose is readily converted to mannonic acid by Petiicillium purpuro- 
genutn var. rubrisclerotium (Birkinshaw, 1937). A simple oxidation is 
probably involved in the production of sugar acids— 
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It is a curious point in mould sugar interconversions that glucose 
yields gluconic acid very readily when metabolized by moulds, 
whereas the reduction product, sorbitol is never found. Mannitol 
appears instead, as has been noted earlier. Further mannose is not a 
natural product although mannitol is the commonest hexahydric 
alcohol. Yet mould oxidative systems can deal almost as readily with 
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mannose as with glucose. This illustrates the non-specificity of the 
enzyme systems concerned. 

In view of the absence of chlorophyll among typical micro- . 
organisms it is of interest to inquire whether moulds or heterotrophic 
organisms generally (as distinct from the autotrophs) can fix atmos¬ 
pheric carbon dioxide. It has been shown by using carbon-13 as a 
tracer element, that such fixation does undoubtedly occur. It has been 
established for Rhizopus nigricans (Foster et a\. , 1941) among the moulds 
and for numerous bacteria. These micro-organisms utilize atmospheric 
carbon dioxide only in conjunction with organic compounds already 
present in the medium. This is a sharp distinction from the situation 
prevailing among the autotrophs, for whom the presence of organic 
matter in the medium is inhibitory. This is shown in the case of E. 
coli. When this organism is grown on media containing glucose, 
galactose or pyruvic acid, carbon dioxide ( 13 C 0 2 ) appears in the 
succinic acid formed. The quantity of succinic acid formed depends 
on the partial pressure of the carbon dioxide, being low when this is 
low. Other products in which the 13 C appears are formic, acetic, and 
lactic acids. In other cases, e.g. Proteus vulgaris and Staphylococcus 
albus , the 13 C 0 2 appears as lactic and succinic acids only, and in the 
case of Clostridium welchii it appears as lactic and acetic acids. 

There is as yet no authenticated case of nitrogen fixation being 

accomplished by moulds. It is known to take place only in the 

characteristic group of the nitrifying bacteria. Claims have been made 

from time to time that mould fixation of nitrogen has been detected 

but these have never been substantiated. One difficulty is the 

extraordinarily small quantity of nitrogen required by moulds. Even 

in a culture medium such as that of Czapek the nitrogen source is only 

0 02 per cent sodium nitrate. This means that traces of soluble nitrogen 

compounds obtained from glass are sufficient to maintain a weak 
mould growth. 

For this reason moulds will frequently appear as nuisance, spoilage 
organisms in the most unlikely situations. The author found a pure 
culture ofPenicillium lilacinum in an old reagent bottle of N/i Analytical 
Reagent sodium acetate. Admittedly the growth was poor being 
limited presumably by the lack of aeration and the shortage of soluble 
wtrate which must in any case have been derived only from the glass 
or from trace impurities. Another unlikely situation in which moulds 
gave trouble was the ground and polished lenses of binoculars used by 
officers during the last war. The feeble growth, sufficient to spoil their 
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optical properties, must have been supported by traces only of nutrients 
found in the moisture film on the glass (Smith, 1946). 

Possibly the most unlikely solution in which to find moulds, namely 
saturated copper sulphate solution, has been reported to develop two 
species, Acontium velatium (Morgan) which is a white mould, and a dark 
green mould which was not identified but which was probably one of 
the Dematiaceae. Both of these moulds tolerated acid extremely well 
and gave some growth even in saturated copper sulphate containing 
free sulphuric acid up to roN (Starkey and Waksman, 1943). Among 
the bacteria, Thiobacillus thio-oxidans is able to grow in i-oN sulphuric 
acid. Another case is that of Bacterium thiocyanoxidans (Happold et ai, 
1952). This organism grows in a simple solution of o-oiM potassium 
thiocyanate and o*oiM phosphate buffer at pH 6-9, utilizing the 
thiocyanate ion, growth being inhibited by organic nutrients. 

Finally, cultures of the mould PetiiciUium fluitans were actually 
isolated from the waste nitrate liquor from an explosives factory, the 
liquor containing free nitric acid in addition to nitrated products. 
Pure cultures of the mould grew in the presence of 1-5 per cent nitric 
acid (Raper and Thom, 1949). 

Reference has already been made to organisms which utilized as 
sole carbon source substances as diverse as long-chain hydrocarbons, 
cellulose, and the aromatic ring system. It is thus clear that Nature 
can almost always dispose of waste materials given the time. It is of 
great interest to consider how the balance of forces among micro¬ 
organisms is maintained, or on occasions altered, or alternatively 
copied in the laboratory. 

Some aspects of symbiosis have already been mentioned, the out¬ 
standing case being the mutual-benefit arrangement entered into by 
legumes and the root-nodule bacteria. Cases of the opposite phenome¬ 
non, the now well-known antibiosis, concern the toad and the frog 
among animals, and the beech and the oak among plants. In each case 
the former displaces the latter, usually by successful competition for 
available nutrient. Although the grey squirrel is no match for the red 
squirrel in mortal combat he appears to be doomed to extinction for 
the same reason. Nature sets small puzzles in this respect, however. 
One of these concerns penicillin. There is normally no conflict in 
Nature between the mould PetiiciUium notatum , a normal inhabitant of 
soil and a typical saprophyte (apart from its remarkable penicillin- 
producing properties), and the bulk of the bacteria the growth of 
which penicillin so powerfully inhibits. 
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On the other hand when a search for a new antibiotic was made by 
developing such an antagonism in the soil, the result was most 
satisfactory. The antibiotic gramicidin was discovered in this way by 
Dubos in 1939. He enriched a large number of soil samples with 
pathogenic organisms. It was then found that one type of bacterium. 
Bacillus brevis , was still able to flourish because it produced an anti¬ 
bacterial substance, which was later isolated. This antibiotic, grami¬ 
cidin, is described in a later chapter. 

So much of the material of this chapter and the last has been taken 
up with the remarkable synthetic powers of micro-organisms that it is 
advizable to stress that equally important results may be obtained by 
studying organisms whose synthetic powers are limited. In Nature, 
parasitism or die nearly related symbiosis is often an answer to diffi¬ 
culties created by this weakness. 

A simple example of a laboratory-arranged symbiotic system is 
afforded by the mould Mucor ramanniatius and the “pink” yeast 
Rhodotorula rubra. Both need aneurin for growth but whereas the 
mould can synthesize the rest of the molecule if given the thiazole half, 
the yeast can synthesize the rest of the molecule when given the 
pyrimidine half. Hence when a basal medium was prepared which 
contained no aneurin, neither organism could grow on it. When 
thiazole was added, only the Mucor could grow; when pyrimidine 
was added only the yeast could grow. When a mixed culture con¬ 
taining both Mucor and yeast was added to the basal medium both 
organisms grew together since the Mucor synthesized the thiazole for 
the yeast and the yeast synthesized the pyrimidine for the Mucor. This 
is a man-made case of symbiosis as these organisms are not found 
together in Nature (Miiller and Schopfer, 1937). 

The following example involves complete vitamins. Neither the 
fungus Polyporus adustus nor the unrelated organism Ashbya gossypii 
(a type of yeast) can grow on a synthetic medium. The first needs 
aneurin, the second needs biotin. Mixed cultures of both organisms 
grow well on the synthetic medium, each organism making growth 
owing to the vitamin produced by the other (Kogl and Fries, 1937). 

Another aspect of symbiosis is less clear (Knight, 1945). Bacteria 
isolated from soil around the roots of growing plants were found to 
require aneurin as an addition to their diet before growth took place. 
Bacteria isolated from soil remote from the rootlets needed no such 
added aneurin although they were identical in all other respects with 
those first isolated. It is known that aneurin is photo-synthesized in 
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the leaves of plants and is transported to the roots. Thus it is made 
available to the bacteria near them. What service the bacteria perform 
for the plants is not known. It has been suggested that this is a rudi¬ 
mentary beginning of the process of symbiosis noted in the legumes. 

The phenomenon of symbiosis is related to limitations of synthetic 
powers. Another aspect of these limitations relates to vitamin B 2 , 
riboflavin. This vitamin occurs in the prosthetic group of enzymes 
concerned with cellular oxidation. Some organisms can synthesize 
their own supplies of this vitamin. Amongst these are Corynebacterium 
diphtherias (the diphtheria organism), Staphylococcus aureus , and most 
moulds. Others cannot develop unless riboflavin is supplied from 
some outside source. These include Lactobacillus helveticus , Streptococcus 
faecalis , and a very interesting group of bacteria responsible for the 
luminosity of decaying fish. One such species is Photobacterium 
phosphorescens. Strains of this organism were isolated from sand dabs 
and cultivated on an agar medium containing yeast autolysate, glycerol, 
and sodium chloride. Incubation in the light and subsequent trans¬ 
ference to a dark room showed that the colonies were brightly 
luminescent. However, when cultivation was continued by trans¬ 
ferring sub-cultures to new medium having exactly the same com¬ 
position as that first used, it was found that three distinct types of 
colonies were present. These were designated, for obvious reasons, 
“bright,” “dull,” and “dark.” It was then found that if “dull” colonies 
were sub-cultured on to the same medium enriched by adding 
riboflavin, they then became uniformly “bright.” 

The explanation of this curious result is that on the fish the bacteria 
find all their food requirements without difficulty. When they arc 
transferred to an artificial medium deficient in riboflavin, some cells 
continue to produce their own riboflavin giving “bright” colonies 
whilst others do not, giving “dull” or “dark” colonies. This example 
shows differences of synthetic powers within the same bacteria species. 
The individual bacteria are alike in all respects except in their power 
of synthesis of riboflavin; and since riboflavin is apparently essential 
for the operation of the enzyme systems responsible for phos¬ 
phorescence, the difference between the individuals is made strikingly 
clear. 
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CHAPTER IV 


MICRO-ORGANISMS IN PRODUCTION 

Micro-organisms have been used for various human activities from 
pre-historic time, notably in bread malting and in preparing fermented 
drinks. However, the use of known micro-organisms and an under¬ 
standing of the processes in which they take part had to wait upon 
advances in general micro-biology. The early investigations of 
Pasteur into industries such as vinegar production, wine making, and 
bread making in the late eighteen fifties, showed clearly for the first 
time the industrial importance of micro-organisms. The first substance 
recognized to be a product of microbial action was lactic acid, produced 
by bacteria. Glycerol and ethanol as yeast products were recognized a 
year later, in 1858. Later—in 1887—the use of black moulds in the 
tanning industry (usually Aspergillus niger) was shown to depend on 
mould production of gallic acid from tannin. The production of 
butyl alcohol by anaerobic bacteria was discovered in 1876, and in 
1893 and succeeding years came Wchmer’s work on citric and oxalic 
acid production by species of Penicillium (Boruff and van Lanen, 1951). 

Lactic acid was produced commercially in America as early as 1881, 
but the first major industrial application of micro-organisms was the 
production of industrial alcohol by modifying the existing process for 
producing alcoholic beverages. The acetone-butanol process dependent 
on the anaerobic Clostridium acetobutylicum followed about 1910. 
During the First World War glycerol was produced in Germany and 
America by modifying the yeast fermentation; and soon after, in the 
early twenties, mould production of citric acid by the use o£ Aspergillus 
niger was made a commercial success. The discovery of penicillin in 
1929 and its utilization during the Second World War brings us to the 
present day, with more and more attention being paid to micro¬ 
biological processes. 

Some of these processes will be dealt with in this chapter, notably 
the yeast fermentation of glucose to ethanol, but consideration of 

antibiotics will be deferred to later chapters. 

Yeasts have played an inconspicuous part in the account so far given 
of the chemical activities of micro-organisms. Yet when consideration 
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is given to the part they play in many important human activities one 
is tempted to pose the question—are yeasts the most economically 
important of all micro-organisms? Almost everyone is familiar with 
the importance of yeast in the production of bread, and whilst it is 
true that cereals could be eaten without being converted into bread, 
this conversion has become a necessary feature of civilization. The 
importance of yeast in alcohol production is equally well known, and 
the production of alcoholic beverages and industrial alcohol is a major 
industry in almost all countries. 

If attention is directed to the importance of yeasts for science in 
general, their claims for recognition are equally impressive. The 
controversy between Pasteur and Liebig over the question of the role 
of living cells in fermentation centred around yeasts. Buchner’s first 
enzyme preparations were obtained from yeasts (1897), and yeasts 
remain excellent sources for enzyme preparations such as invertase and 
the yellow enzymes, study of which have been important in the field 
of enzyme chemistry. Finally Wildiers’s work (1901) on the growth 
factors bios I, bios II, etc., required for yeast cultivation, was an 
important early contribution to the study of vitamins, especially those 
of the B complex. 

It is therefore logical to begin this chapter on the industrial appli¬ 
cations of micro-organisms with the production of ethanol. In the 
Western hemisphere alcohol production is usually the preserve of 
yeasts, but in Eastern countries moulds, notably Aspergillus oryzac> are 
frequendy called upon for the production of alcoholic beverages. 
Laboratory studies have shown conclusively that alcohol production 
is extremely common amongst all classes of micro-organisms. Among 
the bacteria Bacillus acetoethylicus produces both ethanol and acetone. 
Another bacterium, Sarcina ventriculi Goodsir, converts glucose into 
ethanol (43-7 per cent) and carbon dioxide (47-7 per cent) these two 
products thus accounting for over 90 per cent of the glucose meta¬ 
bolized, as in the yeast fermentation (Kluyver, 1931). The production 
of ethanol by moulds has already been noted, but it may be mentioned 
here that ethanol has been found amongst the metabolic products 
of a large number of species of Aspergillus and Penicillium , of all 
species of Fusarium , and of widely different species such as Eidamia 
viridescens, Trichospora lignorum , and Helminthosporium geniculatum 
(Birkinshaw, Charles, Hetherington, and Raistrick, 1931 (a)). 

It is nevertheless true that in the Western world alcohol is produced 
either by yeasts or—in recent years—synthetically. In the United 
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States about one-half of the 187,500.000 gal of ethanol produced in 
1949 was obtained by the yeast fermentation (Lee, 1950). The classic 
equation is that of Gay-Lussac— 

C 6 H 12 0 6 -> 2CO0 -f 2 C 2 H 5 OH 

glucose 

and it should be noted that by-products do not normally account for 
as much as 5 per cent of the glucose metabolized. No organic chemist 
can obtain this overall yield. In view of the importance of the yeast 
fermentation this reaction has been intensively studied and can now be 
said to be almost completely elucidated. It is closely related to muscle 
glycolysis, the process by which animal tissues reduce glycogen to 
lactic acid and carbon dioxide. In fact Meyerhof applied Embden’s 
work on glycolysis to the yeast fermentation in producing what is 
usually known as the Embdcn-Meyerhof scheme. This scheme 
describes the process as the sum of fourteen distinct enzymic reactions, 
four to manipulate the sugar, seven to reach the key substance pyruvic 
acid, and three to produce the final products. 


The Embden-Meyerhof Scheme for the Yeast Fermentation 

(After Sumner and Somers, 1947) 

Step 1. Starch or glycogen is converted by phosphorylase to Cori 
ester, glucosc-i-phosphate— 0 
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Step 2. Glucose-i-phosphate is acted upon by the enzyme phospho- 
glucomutase and converted to glucose-6-phosphate (Robison ester)— 
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Step 3. In the third step the enzyme phosphohexoisomerase c< 
glucose-6-phosphate into fiructose-6-phosphate (Neuberg ester) 
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Step 4. The final step in the manipulation of the sugar is the further 
phosphorylation of the ffuctose-6-phosphate. Adenosine triphosphate 
is simultaneously dephosphorylated to adenosine diphosphate— 

O 


OH 


Fructose-6-phosphate 



II /OH 

O—P<( 

X OH 




OH 


| X OH 
O 

fructose- 1 :6-<ijpbosphatc (Harden-Young ester) 

Step 5. The sugar molecule is now split by the enzyme aldolase into 
two triose sugar phosphate esters, dihydroxy-acetone phosphate and 
3 -phosphoglyceric aldehyde— 
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Under normal conditions the presence of the enzyme isomerase 
leads to the conversion of dihydroxyacetone phosphate into phos- 
phoglyceric aldehyde and further stages depend upon this substance. 

Step 6 . In this stage the phosphoglyceric aldehyde is acted upon by 
the oxidized form of coenzyme-1 and phosphoric acid, to yield 
i : 3-diphosphoglyceric acid— 



The hydrogen produced reduces the oxidized coenzyme-i to dihydro- 
coenzyme- i. 

This is an interesting stage in the reaction because other substances 
can be reduced besides coenzyme-i. Elucidation of the reaction was 
greatly facilitated when it was found that it was specifically poisoned 
by iodoacetic acid. The triose phosphates produced in stage 5 then 
accumulate and have been isolated and identified. 


Step 7. In the seventh stage the adenosine diphosphate produced in 
stage 4 is rephosphorylated by absorbing the phosphate group on 
carbon atom-i, thus yielding 3-phosphoglyceric acid and adenosine 
triphosphate— 


0 0 


II II 

/OH 

C—O—P< 

r 
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x OH 


H—C—OH -> 
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I /OH 

CH,—O—P< 

II X ° H 
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1 : 3-diphosphoglyceric acid 
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H—C—OH (+ atp) 


OH 

CHo—O—P<f 

II X ° H 
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3-phosphoglyceric add 
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Step 8. The 3-phosphoglyceric acid is manipulated in this stage by 
phosphoglyceromutase to yield 2-phosphoglyceric acid— 

COOH COOH 

phosphoglyceromutase 

H— C—OH - 




CH 2 OH 
O 




3-phosphoglyccric add 


2-phosphoglyceric add 


Step 9. In this important step the enzyme enolase catalyses the 
removal of the elements of water from 2-phosphoglyceric acid to give 
the phosphoric ester of the enolic form of pyruvic acid— 

COOH COOH 

O 

enolase 

-*h 2 o + 

CHaOH CH 2 

glyceric add phosphopyruvic add (enol) 




This reaction is specifically poisoned by sodium fluoride so that in the 

presence of this salt 2-phosphoglyceric arid accumulates from step 8. 

Step 10. In the presence of a suitable phosphate acceptor and also 

of magnesium ions the final stage in the production of pyruvic arid 
takes place— 


COOH 

COOH 

COOH 

O 

II J 

/OH 


H—C—O.P<f 

'OH -> H— C—OH 



CO 

1 

CH* 

CH, 

O — 

F 

phosphopyruvic add 

pyruvic add enol 

pyruvic add 
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Suitable acceptors for the phosphate ion are adenylic acid and 
adenosine diphosphate. In their absence the stable phosphopyruvic 
acid accumulates and can be isolated. 

Step ii. The fate of the pyruvic acid depends upon the organism 
by which it is produced. In the yeast fermentation it is decarboxylated 
to acetaldehyde, and in animal tissues it is reduced to lactic acid. 


Yeast fermentation 


COOH — 

-> CO, 

| 

carboxylase i 

c=o 

0 

II 

(J - 
1 

X 

ch 3 

1 

ch 3 

pyruvic acid 

acetaldehyde 



Step 12. The animal tissue glycolytic reactions cease with the 
production of lactic acid but the alcoholic fermentation reactions go 
one stage further to give ethanol— 

H—C=0 CH 2 OH 

|-► | (+ co enzyme-1) 

dihydrocoenzymc-i CH 
3 

acetaldehyde 


‘3 

ethanol 


Coenzyme-i is important in the cycle because in stage 6 it is reduced 
to dihydrocoenzyme-1 which is used again later in the cycle in stage 12. 

Adenosine di- and triphosphates are essential also in maintaining the 
cycle. For example in stage 6 just referred to, the activity of coenzyme- 
1 is linked with adenosine triphosphate in the conversion of 3-phospho- 
glyceric aldehyde to 1 : 3-diphosphoglyceric acid. The adenosine 
diphosphate is rephosphorylated in the next stage. More adenosine 
triphosphate is produced in step 10 where the enol pyruvic ester is 
dephosphorylated. Two moles of adenosine triphosphate are thus 
available to form (ultimately) fructose 1 : 6-diphosphate from starch 
or glycogen. 

It is of interest to notice that all the enzymic reactions detailed above 
have been experimentally reversed with the exception of step 9, the 
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enolase step by which 2-phosphoglyceric acid is converted to phos- 
phopyruvic acid. However, for the sake of clarity only the forward 
arrows have been used, the back reactions being induced under artificial 
conditions. 

Since the main products are carbon dioxide and ethanol which are 
both volatile, yeasts are very convenient agents for the removal of 
glucose from solutions. Birkinshaw et al. (1931 b) separated mannitol 
from glucose very conveniently in this way. 

The use of yeasts as reducing agents utilizes step 6 of the above 
scheme and the substance being reduced replaces coenzyme-i. How¬ 
ever, the reduced substance does not replace dihydrocoenzyme-1, so 
that acetaldehyde accumulates from stage 12 because no dihydro¬ 
coenzyme- 1 is available to put back into stage 6. It has been shown 
that when methylheptanone is reduced to methylheptanol— 

CH 3 .CH 2 .CH.CHo.CH 2 .C.CH 3 — CH3.CH0.CH.CH3.CH2.CH.CH3 

I- II “I I 

ch 3 o ch 3 oh 

methylheptanone methylheptanol 

one mole of acetaldehyde is produced for every mole of methyl¬ 
heptanone which is reduced. 

Other substances which may be reduced include nitrated products 
such as nitrobenzene. This may be converted into nitrosobenzene, 
/?-phenylhydroxylamine C 6 H 6 .NHOH, or aniline. The preparation 
of tribromoethanol (Avertin, Bromethol) from bromal— 

yeast 

CBr 3 .CHO-► CBr 3 .CH 2 OH 

h, 

was first achieved by the aid of yeast (Willstatter and Duisberg, 1923). 
Further, ketones, diketones, and quinones are readily reduced to the 
alcohols, glycols, and quinols respectively; and tartaric and malic 
acids are similarly reduced to succinic acid (Bemhauer, 1939). 

CHOH.COOH 



CHOH.COOH 

malic add 
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The reduction of amino-acids occurring in the fermenting mash is 
the origin of the “fusel oil” always present in the final liquor. Fusel 
oil contains isoamyl alcohol, the two propyl alcohols, iso - and /erf-butyl 
alcohols and acetic and other esters corresponding to them. If a given 
amino-acid is added to the fermenting mash the corresponding alcohol 
is obtained. Fermentation amyl alcohol, the most important alcohol 
in fusel oil, is probably produced under natural conditions according 
to the following series of reactions— 

Autolysis of dead cells -> soluble proteins 

Hydrolysis of soluble Mixed amino-acids but 

proteins - *■ especially leucine (in 

this case) 


CH 


CH/ 


3 \ch.ch,.ch.cooh 


NH. 


lcucinc 


ch 3 


CH. 


\ 

/ 


CH.CHo.CHOH.COOH + NH. 


i-hydroxyuocaproic acid 
carboxylase 

>ch.ch 2 .ch 2 oh + co 2 


CH/ 


ijoamyl alcohol 


In order to complete the list of reducible substances one may refer 
to the yeast reduction of sodium thiosulphate to sodium sulphite— 

Na 2 S 2 0 3 -> Na 2 S 0 3 + H 2 S 

yeast 

and of sulphur to hydrogen sulphide. 

Reference has been made to the fusel oil occurring in the final 
product. Two other products also found are glycerol and succinic 
acid. The former is normally found in small quantities, originating 
from hydrolysis of the so-called a-glycerophosphate produced from 
)hosphoglyceric aldehyde in step 5. This will be given in detail a 
ittlc later when dealing with glycerol production. The succinic acid 
formed is much less important. It is produced in much the same way 
as the fusel oil by reduction of hydroxy- and keto-acids derived from 

the hydrolysis products of proteins. 

The Embden-Meyerhof scheme just given describes the situation 

prevailing during the stationary condition (ITinshelwood, 1946). During 
this stationary condition, also known as the steady state y equilibrium 
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prevails, in the sense that the cells have built up all their needs of 
intermediates and enzyme systems. Growth of the cells and subsequent 
division takes place harmoniously, and despite the fact that the usual 
term implies a stand-still in numbers, the number of cells actually 
increases at a great rate. For this reason the steady state is also referred 
to as the log phase because the total amount of cellular material (x) 
increases exponentially with the time (/). Hence— 



where k is a constant. 

In the life cycle of the yeast cell, as for other cells, there is a pre¬ 
liminary period during which the cells are establishing themselves by 
building up their enzyme systems. During this lag phase litde or no 
cell division takes place. It has been shown for bacteria that, despite 
this apparent inactivity, amino-acids and hydrolytic enzymes are 
excreted into the medium to prepare the way for metabolic activities 
on a large scale (Krishnamurti and Kate, 1951). 

The nature of the yeast fermentation during the lag phase or initial 
phase differs greatly from that during the stationary condition. This is 
shown most clearly at step 5, when the sugar molecule has just been 
split into phosphoglyceric aldehyde and dihydroxyacetone phosphate. 
If the yeast is only in the initial phase there is no acetaldehyde present 
(from step 11) whose reduction (in step 12) can yield oxidized 
coenzyme-i, the presence of which is essential for step 6, the formation 
of diphosphoglyceric acid. Under these conditions the phospho¬ 
glyceric aldehyde is dismuted to give a-glycerophosphate and 3- 
phospho glyceric add— 

CHO CH 2 OH COOH 

I I I 

2H—C—OH -F H a O -> H—C—OH + H—C—OH 


3-phosphoglyceric add 

When the cell is developing in a normal habitat this reaction 
proceeds only until acetaldehyde is produced in quantity from step n. 
The hydrolysis of a-glycerophosphate is the source of the glycerol 

6—(T.jxo) 
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which always forms two or three per cent of the fmal fermentation 
liquor— 


CHoOH 

I CHoOH 

CHOH | 

I /OH ^ Adenosine CHOH ^ Adenosine 

CH 2 O.P<^ ' diphosphate | ' triphosphate 

|| ^OH CH 2 OH 

O 


a-glycerophosphatc 


glycerol 


At first the fermentation reaction is based on 3-phosphoglyceric 
acid which is produced in step 7. It is possible, however, by several 
methods to inhibit reactions 8 to 12 and thus to maintain the initial 
condition as the bulk fermentation.. Glycerol is then the main fermenta¬ 
tion product. 

This may be done by adding to the young but healthy yeast 
suspension cither sodium bisulphite, sodium carbonate, dimedone 
(5 : 5-dimcthyldihydroresorcinol), sodium mono-iodoacetate, or 
sodium fluoride. 

Sodium sulphite and dimedone both prevent the utilization of 
acetaldehyde in step 12 by locking it up as the bisulphite compound 
or the dimedone compound respectively. Sodium carbonate has the 
same effect of rendering the acetaldehyde non-utilizable since under 
the mildly alkaline conditions prevailing it is disunited— 

2 CH 3 CHO + H.O -> CH 3 COOH + C 2 H 5 OH 

Sodium mono-iodoacetate acts by inhibiting step 6 so that the yeast 
cells carry out their biochemical functions by the alternative pathway 
of step 5 to step 7 by-passing step 6. Sodium fluoride inhibits step 9 
by poisoning the enzyme enolase and, as before, no acetaldehyde is 
produced. 

It is now possible to write down the overall equations according to 
the prevailing conditions— 

Alcoholic Fermentation 

Normal 

C 6 H 12 0 6 -> 2C 2 H 5 OH + 2CO0 


Glycerol Fermentation 
Following Locking up of Acetaldehyde 

C 6 H 12 O e -> C 3 H 5 (OH) 3 + CH3CHO + co 2 

glycerol 
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Glycerol Fermentation 
Alkaline Dismutation of Aldehyde 

2 C 6 H 12 0 6 + HoO -> 2C 3 H 5 (OH) 3 + 2CO0 + C 2 H s OH + CH 3 COOH 

The production of glycerol by manipulation of the yeast fermen¬ 
tation was carried out on the large scale during the First World War. 
The method of sodium bisulphite or that of sodium carbonate was 
used. Under normal economic conditions, however, the yeast method 
cannot compete with the hydrolysis of fats (for soap production) in 
the production of glycerol. 

The function of yeast cells in the manufacture of bread is to produce 
carbon dioxide, and the ethanol is allowed to escape. However, the 
process is basically an application of the yeast fermentation to food 
production. 

A more direct utilization of yeasts for this purpose is the production 
of yeast itself as a food. The yeast used in the alcoholic fermentation 
is Saccharomyces cerevisiae. That used for food is a non-sporing yeast 
Toritlopsis utilis. This grows extremely rapidly in sugary solutions if 
these are well aerated. As nitrogen can be supplied in the form of 
ammonium sulphate this amounts to a most economical method of 
synthesizing protein. It may be contrasted in this respect with the 
standard method of producing meat by the extremely indirect one of 
converting leaf protein into animal protein. There are disadvantages, 
of which the two most serious are the unpalatability of yeast as a large 
part of human diets, and the fact that on balance the protein of yeast 
has not quite the all-round value of beef protein. On the other hand 
yeast is a most valuable source of riboflavin, ancurin, and the other 
vitamins of the B complex. 

Just as the yeast fermentation is one of the oldest applications of 
micro-organisms, the bacterial process by which the resultant ethanol 
is converted into vinegar (acetic acid) is one of the oldest bacterial 
applications. The bacteria responsible are classed in a single genus as 
Acetobacter. They are short rods enclosed in a capsule and forming 
tough masses in the so-called zoogloea stage. In a typical vinegar 
preparation the alcoholic fermentation is allowed to proceed until the 
barley wort is converted into about 6 per cent ethanol. The acetic 
bacteria are then allowed to operate and finally give 4-8 per cent 
acetic acid, the yield being practically quantitative on the ethanol 
originally present. The organism is usually Acetobacter aceti which can 
produce up to 6 6 per cent acetic acid. Other species vary greatly in 
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their powers in this respect. Acetobacter ascendans gives 9 per cent acetic 
acid but Acetobacter suboxidans only 2 per cent. 

Bertrand’s sorbose bacterium (Acetobacter xylinum ) lies between 
these two, producing 4-5 per cent acetic acid. 

An interesting application of the oxidation potential of Acetobacter 
xylinum is in the oxidation of sorbitol to sorbose in the synthesis of 
ascorbic acid which is carried out in the following stages. 

1. Glucose is reduced to sorbitol which is then oxidized by A. 
xylinum to sorbose— 

CHO CH 2 OH CH 2 OH 


H—C—OH 

I 

HO—C—H -f Ho-► 

I 

H—C—OH 
H—C—OH 
CH 2 OH 

Fischer formula for D-glucose 


H—C—OH 
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I 

H—C—OH 

I 

H—C—OH 
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ch 2 oh 

sorbitol 


acetobacter 

xylinum 


H—C—OH 
HO—C—H 

I 

H—C—OH 

c=o 

CH 2 OH 

L-sorbose 


2. L-sorbose is oxidized to 2-kcto-L-gulonic acid, the methyl ester 
of which is easily converted into ascorbic acid— 

CHoOH CHoOH CHoOH 

■» 

I I I 

H—C—OH H—C—OH H—C—OH 

HO—C—H 

H—C-OH 

c=o 
I 

ch 2 oh 

L-sorbosc 

Some other bacterial fermentations have achieved a lasting or 
temporary commercial usage. One of these was the use of Bacillus 
aceto-ethylicus to produce acetone and ethanol from various sugary 
materials. This organism is allowed to grow at 40°-43°C, and the pH 
is arranged to be 8*o at the commencement of the fermentation. 
Undue acidity is prevented by the periodical addition of chalk. In 


HO C—H - 

1 

-> H—C—OH ^ MeOH -f 

C H 

1 

C—OH 

1 O 


c=o 

C—OH 

COO—Me - 

CO 


2-kcto-L-gulonic add L-ascorbic acid 

(methyl ester) (Vitamin C) 
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terms of the amounts of carbohydrate utilized the main products are: 
ethanol, 20-25 per cent; acetone, 8-10 per cent; carbon dioxide; 
formic acid; acetic and lactic acids; and hydrogen. Potato mash, 
molasses, or hydrolysed vegetable wastes may be used as sources of 
carbohydrate. This particular fermentation does not appear to be in 
use at the present time. 

The “acetone-butanol” bacterial fermentation has lasted somewhat 
better and has indeed received fresh impetus as a result of improve¬ 
ments in the process. Lee (1950) gives some figures illustrating the 
quantities of solvents obtained by this fermentation. American 
production figures of butanol by fermentation were 62,500 tons in 
each of the years 1947 and 1948, and 53,500 tons in 1949. The pro¬ 
duction of acetone by fermentation was 17,800 tons in 1947 or 10 per 
cent of the total production, and 12,000 tons in 1948 (5*8 per cent of 
the total production). A general description of the process is given by 
Beesch (1952) and a few details, mostly from this source, will be given, 
to illustrate the methods used in carrying out an industrial process. 

The organisms used are members of the genus Clostridium , Weiz- 
mann s original strain being Clostridium acetobutylicum. The products 
using this organism, expressed as percentages of carbohydrate utilized, 
are as follows— 


w-Butanol . 

Acetone 

Ethanol 

Carbon dioxide 
Hydrogen . 


25 per cent 
10*5 per cent 
3*o per cent 
6o-o per cent 
i*5 per cent 


The fermentation may be expressed by the overall equation— 


3C 6 H 12 O a 2C 4 H 9 OH + (CH 3 ) 2 CO + 7 C 0 2 + 4H 2 + H z O 

The quantity of hydrogen is considerable, being about 8-6 ft 8 per 

1 lb of glucose fermented. The main stages in the process are similar 

to those m the yeast fermentation, with pyruvic acid and acetaldehyde 

as key intermediates. The conversion of aldehyde to H-butanol 
proceeds as follows— 


2CH 3 CHO -> CH 3 .CHOH.CH 2 .CHO 
The aldol is rearranged to butyric acid— 

CH 3 .CHOH.CH 2 .CHO -> ch 3 .ch 2 .ch 3 .cooh 

and the butyric acid is reduced to butanol_ 

CH3.CH2.CH3.COOH + 4 H CH a .CH 2 .CH a .CH 20 H + H a O 
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Acetone arises in the following way. The acetaldehyde is dismuted to 
give ethanol and acetic acid as in the modified yeast fermentation. 
Acetic acid also appears from the reaction which gives hydrogen— 

.OH 

CHg.CHO + HoO - CH 3 .CH<-* CH3COOH + H 2 

X OH 

The acetic acid is now condensed to acetoacetic acid and this is decar- 
boxylated to give acetone and carbon dioxide— 

2CH3COOH — CH 3 .CO.CH 2 .COOH + h 2 o 
CH 3 .CO.CH 2 .COOH CH3.CO.CH3 + co 2 

By choosing different strains it is possible to modify the ratios of the 
solvents, or to produce isopropanol instead of, or together with, 
acetone. Thus one strain designated Clostridium propyl butylicum-alpha 
produces: butanol, 65-70 per cent; ethanol, 3-4 per cent; acetone, 
5-10 per cent; and isopropanol, 16-20 per cent. Another strain, 
Clostridium viscifacietis yields: butanol, 66 per cent; ethanol, nil; 
acetone, 3 per cent; and isopropanol, 31 per cent. 

One method of isolating active organisms (all are anaerobic) is to 
place small amounts of soil, manure, decayed wood, or other decaying 
material into sterile 4 per cent sugar solution containing mineral salts. 
The medium is placed in boiling tubes and the inoculated tubes are 
subjected to “heat shock” by immersion in boiling water for two 
minutes. Only sporing organisms survive, and the culture is thus 
partly purified. After cooling, the tubes are placed in a desiccator 
partly filled with moistened wheat or oats. The desiccator is evacuated 
and placed in an incubator for twenty-four or forty-eight hours, and 
those tubes containing a solution which appears to be suitably odorous 
are taken for isolation of colonies. This isolation follows the general 
lines noted later [see Chap. XII), except that anaerobic conditions are 
employed. 

When a suitable culture has been isolated (at this stage the selection 
is empirical and qualitative), the fermentation is carried out on a 
larger scale in several flasks. A products balance sheet is then prepared 
which will depend to some extent on the raw materials to be used. 
Blackstrap molasses, a concentrate from the sugar industry, and 
containing invert sugar, sucrose, glucose, protein, and mineral salts is 
frequently used. Starchy mashes, citrus molasses, sulphite waste liquor, 
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and other vegetable wastes can also be employed. Assuming the plant 
bacteriologist has on hand a stock of pure cultures of suitable organisms, 
the production of solvents proceeds stepwise as follows. 

Some of the spores of the pure culture are transferred to sterilized 
potato glucose medium and “heat-shocked” by placing in boiling 
water for ninety seconds, removing, and at once cooling to 30-6°C. 
This procedure stimulates the spores to germinate and also eliminates 
non-vigorous spores. The cultures are now incubated at 30*6°C for 
twenty to twenty-four hours. The culture is then transferred 
aseptically to 600 c.c. of sterilized molasses mash of the following 
composition: molasses, equivalent to 4 per cent sugar; ammonium 
sulphate, 5 per cent; calcium carbonate, 6 per cent; and super¬ 
phosphate, equivalent to 0*2 per cent of phosphoric oxide. The 
culture is examined to detect contaminants, and the inoculated medium 
is allowed to ferment, again for twenty to twenty-four hours. It is 
now transferred to a larger flask (4-I capacity) containing 3 1 of culture 
medium. After twenty to twenty-four hours’ incubation another 
transfer is made to the “seed tank” of capacity 5,000 gal and which 
contains 4,000 gal of medium. This medium contains a higher con¬ 
centration of molasses, equivalent to 6 per cent of sugar. The 5,000-gal 
tank is inoculated aseptically with the entire contents of the large 
flask and the contents of the tank are well agitated for five minutes 
to ensure thorough mixing. The tank is maintained at a positive 
pressure (using sterile fermentation gas) to exclude contaminants and 
maintain a reducing atmosphere. A close watch is maintained over 
pH, and titratable acidity. This rises until about the eighteenth hour 
and then begins to fall. The fermenter is now ready for transfer to the 
final fermentation tank. These tanks are of 60,000 to 500,000 gal 
capacity and are filled with sterile mash. They are pressure vessels 
fitted with temperature recorders, gauge glasses, relief valves, and a 
manhole cover. Ammonium hydroxide is usually added to the final 
fermenter to keep down the acidity and serve as a readily available 
nitrogen source. About 1 per cent of ammonia (as NH 3 ) is usually 

added. ThepH is maintained at about 5-6. Close attention to sterility, 

cleanliness, and the progress of the fermentation are essential to 

success. Contaminating organisms are of two main types: lactic acid 

bacteria which reduce the yield of solvents, and bacteriophages which 

destroy the bacteria. If the latter develop in the final fermenter 

it is possible to substitute an immune strain and continue the fermen¬ 
tation with a reduced yield. 
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The solvents arc removed by distillation, the carbon dioxide is 
collected for conversion to “dry ice,” and the hydrogen is used in the 
production of ammonia or methanol. The residue left after removal 
of the solvent is spray dried, and the resulting butyl stillage is a rich 
source of riboflavin and other vitamins. It is therefore used as an 
animal feed supplement. 

The earliest substance to be recognized as of microbial origin, lactic 
acid, is still produced entirely by fermentation. The true “lactic 
bacteria” give almost pure lactic acid. The commonest of these are 
Lactobacillus bulgaricus , Lactobacillus delbriickii , Lactobacillus casei, and 
Streptococcus lactis. The first two are the most commonly employed 
organisms and any readily available sugary substance, e.g. molasses, 
may be used as raw material. A temperature as high as 45°C is main¬ 
tained, mainly to discourage butyric acid forming contaminants, and 
calcium carbonate is added from time to time to prevent undue 
acidity. The lactic acid is collected as calcium lactate and treated with 
sulphuric acid. It is marketed at 50 per cent strength and finds uses in 
the textiles and tanning industries, as a solvent, a plasticizer, and in the 
soft drinks and food industries. It has been stated that if the price 
could be reduced, the potential market would be twenty to thirty 
times that at present. Its new uses would be mainly in the plastics field. 

Some other organisms produce propionic acid in large quantities 
(Propionibacterium species), and others produce butyric acid ( Clostridium 
species) so that acetic, propionic, butyric, and lactic acids are all 
obtainable very readily by bacterial processes. Several other acids are 
produced by micro-organisms in sufficiently large quantities to make 
the process potentially or actually commercially attractive. 

The most important of these acids is citric acid. Its production by 
Aspergillus tiiger has made this country and America independent of 
citrus fruit imports. In fact the concentration of citric acid in die 
metabolism solution of Aspergillus tiiger is greater than that in any 
fruit juices. In America it is estimated that 13-4 thousand tons of citric 
acid are produced annually and some nine acres of the mycelium of 
Aspergillus tiiger is kept in production. Detailed information on how 
the process is operated industrially is not available. However, it is 
known that citric acid production is favoured by a pH. maintained 
between 1 and 2, and that traces of iron are essential. Neither the 
degree of aeration nor the quantity of dissolved nitrogen compounds 
should be excessive. The solution should be harvested after a compara¬ 
tively short time. 
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It is a characteristic of the genus Aspergillus that many of its species 
require a higher temperature for good growth than the species of other 
genera. For this reason Aspergillus tends to be a more frequent con¬ 
taminant than Penicillium in tropical climates, whereas the converse is 
true in temperate climates. In strains of Aspergillus niger used for 
citric acid production it is essential to use a vigorous strain growing 


well at 32°. 

The mechanism of citric acid production has been largely elucidated 
in a similar manner to that for the yeast fermentation, but space does 
not permit of a detailed treatment here. These may be found in 
reviews by Avison and Hawkins (1951) and Work and Work (1946). 

Excessive aeration leads to gluconic acid instead of citric acid 
production, and similarly if the reaction is held near the neutral point 
the result is increased oxalic acid production. In Chap. XII it is shown 
how these facts may be used in order to produce any of these three 
acids at will. 

There is not a very clear connection between moulds and plastics. 
In this field the pure organic chemist is supreme. However, one 
unsaturated acid, itaconic acid, CH 2 :C(COOH).CH 2 COOH, is 
produced far more easily by mould action (Calam et al ., 1939) than by 
purely chemical processes. It is claimed that by using Aspergillus 
terreus in 20-I stainless steel fermentors, yields of over 50 per cent 
of the glucose supplied are obtained (Lee, 1950). Interest in itaconic 
acid as a raw material for the plastics industry becomes clear if its for¬ 
mula is compared with that of methacrylic acid, CH 2 :C(CH 3 )COOH, 
whose methyl ester is the monomer from which “Perspex” is 
obtained by polymerization. 

Some other mould acids are also potentially valuable because of the 
large yields obtainable. Kojic acid can be obtained in 66 per cent 
yield from Aspergillus oryzae (Katagiri and Kitahara, 1933), and 
fumaric acid may be produced in over 60 per cent yield in 4 days using 
Rhizopus japonicus growing submerged on pieces of limestone (Lee, 
1950). Anticipating the subject matter of Chap. IX it may be mentioned 
that the total yields of the acids of the carolic acid series obtained from 
Penicillium charlesii amount to over 10 per cent of the glucose meta¬ 
bolized, and this under laboratory conditions where no attempt was 
made to increase the yield to a maximum. Another mould product 
which could be made use of and obtained in large yields is mannitol. 
Mannitol hexanitrate is an excellent detonator and mannitol can be 
obtained from glucose in very large yields by using strains of Aspergillus 
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Candidas and other white Aspcrgilli under conditions of restricted 
aeration. 

Some other industrial applications of micro-organisms may be 
mentioned. The bacterial degradation of sewage to give inflammable 
gas (mainly methane) is used by some town councils in this country. 
About one thousand million cubic feet of methane is produced 
annually by this means (Lloyd, 1951). Fatty materials in the sewage 
are the chief source of the gas but cellulose is also decomposed. The 
type organism is Clostridium tnethanigenes which produces methane 
from cellulose anaerobically at 20°-37°C. Over 50 per cent of the 
products are gaseous consisting of a mixture of methane and carbon 
dioxide, the remainder being mainly acetic acid. Another organism 
frequently found with Cl. methanigenes is Clostridium fossicularum. 
This produces hydrogen in large quantities from cellulose. Both 
organisms are common in soil and mud and these fmd their way into 
the intestinal tract of herbivorous animals. They account for over 
75 per cent of the cellulolytic activity of the digestive organs of the 
animals in which they are active. Since they are present in such huge 
numbers and are rich in vitamins of the B group, they render rumi¬ 
nants completely independent of outside sources of these vitamins. 

From this point of view the process may be regarded as an indirect 
process for the use of micro-organisms for vitamin production, since 
they are the ultimate source of the B vitamins in milk. Recently great 
interest has been shown in the direct microbiological production of 
vitamins for human and animal consumption. The production of food 
yeast, and of riboflavin- and aneurin-rich yeast extracts is well known, 
and has been greatly extended. 

Riboflavin produced by fermentation processes (Lee, 195 °) has 
certain advantages over synthetic material as a fortifier of flour and 
other animal foodstuffs. One advantage is its “contamination with 
amino-acids and other growth factors and vitamins. The organism 
used for riboflavin production is usually Eremothecium ashbyii. This 
produces 0-5 mg of riboflavin per litre in two to four days growth at 
23 0 to 34 0 , the medium used containing a variety of proteins or 
carbohydrates. The riboflavin is liberated by heating the culture 
fluid at 6o° to i20°C for one hour. It is then extracted and purified. 
Other organisms which have been used are Clostridium acetobutylicum , 
Candida guillierwondiae, Candida fiaveri (both yeast-like moulds) and 
Ashby a gassypii (another type of yeast). Under very favourable 
conditions the last-named organism can produce up to 1*7 mg per litre 
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of riboflavin. The dried products obtained from such processes 
contain as much as 2-5 per cent of riboflavin. 

Of the other vitamins, ergosterol, the precursor of vitamin D, is 
produced industrially from yeast and is also produced but not com¬ 
mercially by many moulds. Vitamin C is produced by Aspergillus 
niger (Geiger and Galli, 1945) but in quantities which are too small to 
compete with the process outlined earlier in this chapter in which 
micro-organisms play a relatively minor role. The position is com¬ 
pletely different with regard to the latest member of the B group— 
vitamin B 12 —which is now produced mainly as an important by¬ 
product in the streptomycin industry. 

Vitamin B 12 is itself a group of vitamins, and is unique in being 
produced solely by micro-organisms (Marston, 1952). No higher 
plant produces any of the B 12 group, and herbivorous animals owe 
their existence to the micro-organisms in their rumen which supply 
their B 12 requirements. The absence of cobalt in pasture land produces 
a characteristic deficiency disease in the cattle, which is known all over 
the world, and which leads to wasting away and death of the cattle. 
Administration of cobalt overcomes the deficiency but it must be 
given by mouth in order to reach the gut and be metabolized by the 
microflora into vitamin B 12 . 

The vitamin was first isolated from liver and the importance of 
micro-organisms in connection with it was not realized for some years. 
However, now that micro-organisms have been found to produce it, 
the supplies of raw material have enabled better fractionation to be 
achieved, so that it has been established that there are at least five 
substances in the B 12 group (Buchanan et al. y 1950; Todd, 1950). 
B 12 itself was first isolated from liver and later from Streptomyces griseus 
cultures. It is now produced commercially as a by-product from the 
streptomycin factories. Vitamin B 12a was obtained by catalytic 
reduction and the re-oxidation of B 12 . It appears to be identical with 
vitamin B 12 b isolated from cultures of Streptomyces griseus. Vitamin 
B 12C has also been obtained from Streptomyces griseus and is the member 
of the group most readily available at present. Vitamin B 12d is another 
member of the group also present in cultures of Streptomyces griseus . 

Many micro-organisms produce large amounts of the vitamin. It 
has been claimed that cultures of Bacillus megatherium produce it in 
large enough quantities for the whole culture, bacterial cells included, 
to be usable as a supplement for animal feed. Streptomyces aureofaciens 
also produces the vitamin as do Mycobacterium smegmatis , Flavobacterium 
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sol arc. Bacillus suhtilis, and several Lactobacilli. However, other 
Lactobacilli, especially Lactobacillus Iciclintanni, l^ictobacillus casci and 
a strain designated Lactobacillus lactis Dorncr ATCC 8000 require 
it and cannot synthesize it. They arc accordingly used for its biological 
assay. Yeasts, many moulds, and the higher plants seem neither to 
make it nor require it, but all animals appear to need it, especially the 
ruminants whose digestive apparatus is so dependent on micro¬ 
organisms. The human animal benefits from vitamin B 12 when he is 
suffering from certain types of pernicious anaemia. It docs not cure 
the condition but when taken regularly helps to maintain health. In 
biological systems in general it appears to be essential for trans¬ 
methylation reactions, the metabolism of protein, and the biosynthesis 
of nucleic acids. 

The vitamins of the B 12 group arc of great chemical interest. They 
contain cobalt as well as phosphorus and nitrogen, the formula of B Ija 
being C 61 _ r>l bI w _fr 2 0 13 N u PCo and of B 12C , C^H^O^N^PCo. The 
differences between the various members lie in the large cobalt- 
containing fragment which is present in them all and which has been 
designated cobalamin. This contains firmly bound trivalcnt cobalt, 
and is acidic. On potash fusion it liberates pyrrole so that it may be 
of a porphyrin nature. In the complete vitamin various groups arc 
co-ordinated to the central cobalt atom. In B 12 itself, one of these 
groups is the cyano group—a surprising feature—so that this vitamin 
is known as cyanocobalamin. In B 12a and B 12 b this group is replaced 
by hydroxyl to give a hydroxocobalamin. In B l2C the replacing 
group is nitrite so that this is nitritocobalamin. A thiocyanatoco- 
balamin, and a chlorocobalamin arc also known. All these vitamins 
have very similar biological functions so they arc either converted into 
a common form before utilization, or the differences arc unimportant 
from the point of view of utilization in some common enzyme system. 

The vitamins crystallize from aqueous acetone as dark red needles. 
On drastic hydrolysis they give ammonia, phosphoric acid, the red 
cobalt-containing pigment (differing with each vitamin), and two 
bases. One of these has been shown to be D-i-aminopropanc-2-ol, 
CH 3 .CHOH.CH 2 .NH 2 , and the other 5 : 6-dimcthylbcnziminazolc— 



5 : 6- DIMETH VLB EN ZIMINA Z O LE 
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Mild hydrolysis gave the lV-<x-D-ribofuranoside of 5 : 6-dimethyl- 
benzimin azole— 

-O- 


H 3 C 



N^-CH. (CH 0 H) 2 CH.CH 20 H 


CH 


H s c/ \s\nf 

5 : 6-DlMFrHYL-I-D-a-MBOFUHANOSYLBEN 




AZOLE 


Under more mildly hydrolytic conditions the above compound 
associated with a phosphoric acid residue has been isolated as the barium 
salt. The phosphate group is located either on the Q, or the G, atom 
of the ribose side-chain. 

It is thus clear that the vitamin B 12 breakdown products are related 
to each other in the same manner as are the purine and pyrimidine 
nucleotides and nucleosides. The phosphorus atom is, as always in 
natural products, part of a simple phosphate group and the vitamin 
B 12 molecule may be written in the form— 



O 


O 

1 yO 

~ P \ o QsH^O^COg /—NH—CHa 


CH 


cobalt part 

CHjOH 

A Partial Formula for Vitamin B 


CHOH 

I 

CH 3 


19 


The cobalt part in the above formula varies with the vitamin. 
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CHAPTER V 


THE STORY OF PENICILLIN 


Penicillin is still by far the most important of the antibiotics, being 
outstanding in ease of application, potency, and safety for the patient. 
The discovery of its value has led to a far greater interest in micro¬ 
organisms than previously existed. At the same time antibiotic pro¬ 
duction has almost completely overshadowed the other industrial 
uses of micro-organisms mentioned in the last chapter. Similarly the 
literature dealing with penicillin alone has now reached vast propor¬ 
tions, and this has led as one result to a great increase in work on other 
aspects of the biochemistry of moulds and bacteria. This is partly 
because although antibiotic production is not an important aspect, in 
itself, of the deeper study of biochemistry—the understanding of how 
cells work, and how substances are altered during their passage through 
the cell yet many of these more fundamental aspects are approached 
along new lines and new problems are created by studies of antibiosis. 

One of the pleasant features about the discovery of penicillin is that 
there is no dispute about where the credit lies. Sir Alexander Fleming 
discovered penicillin in 1929 while he was working at St. Mary’s 
Hospital, London; it was developed for clinical use by the group of 
workers at Oxford led by Sir Howard Florey; and it was made 
widely available for medical use entirely owing to brilliant chemical 
engineering in the United States of America. As is the case with some 
other spectacular discoveries the original observation was made by 
accident, a chance air-borne mould contaminant appearing in a petri 
dish containing cultures of Staphylococcus and inhibiting their growth. 
The culture was kept alive because the culture filtrate contained a 
substance which inhibited the growth of many bacteria but not of 
Haemophilus influenzae. It must be pointed out that Sir Alexander 
himself was weU aware of the medical value of this culture filtrate, and 
it was mandy the mstobility of penicillin and not any lack of vision of 
earlier workers which prevented its immediately achieving recogni¬ 
tion. It was actually tried on a few clinical cases but with only slight 
success owing to its instability. This property was also the reasoVwhy 
earlier workers such as Clutterbuck, Lovell, and Raistrick in England 
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in 1932, Reid in 1935, and Bomstein in 1940 in America did not 
isolate the pure substance. The first-named workers showed that 
penicillin could be produced on a purely synthetic medium whereas 
previously it had been produced only on meat broth media; that a 
yellow pigment (known as chrysogenin) was not penicillin; that 
penicillin must be of relatively small molecular weight since it was 
extracted by ether from aqueous culture solutions; and that penicillin 
was stable in the cold. The baffling observation was made that ether 
extraction of the culture fluid removed all the penicillin but the residue 
left on removal of the ether was completely inactive. The substance 
“slipped through the chemist’s fingers” owing to its very nature. 

Finally the Oxford team, after surveying a large number of anti¬ 
bacterial substances, decided to investigate penicillin to supply the 
urgent needs associated with war. After many vicissitudes enough 
penicillin was accumulated for a human case to be investigated. This 
case was an Oxford police constable suffering from a generalized 
infection due to species of Staphylococcus and Streptococcus. It was one 
which had resisted all the efforts made, both operational and in the 
use of drugs such as sulphapyridine. Since the supply of penicillin was 
so small it was recovered from the urine, which actually appeared to 
produce a slight purification of the drug. The dramatic success of this 
case led to American aid being sought, after which the large scale 
production of penicillin became possible. The great advance made by 
chemical engineers in America was their ability to produce penicillin 
by growing the mould in submerged culture in huge vats (a direct 
extension of methods widely used, for example, for butanol pro¬ 
duction) at a time when English producers were doing their best with 
surface cultures in thousands of glass bottles or flasks. 

The further account of penicillin follows a logical sequence: the 
mould; the medium; the metabolism of the mould; and the isolation 
and properties of penicillin. 

It was at first thought that the mould producing penicillin was a 
strain of Petiicillium rubruttt , but it was later identified as Peuicilliutti 
notatum Westling an undistinguished looking blue-green species. All 
the early penicillin was obtained from descendants of the original 
isolation, new strains not appearing until 1943- As part of the research 
programme the American workers systematically sought for other 
penicillin-producing moulds. Petiicillium tiotatum is closely related to 
a much more common species Petiicillium chrysogetium and the search 
first concentrated on this group. Among thirty-five strains in the 
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group obtained from the Northern Regional Research Laboratories 
(N.R.R.L.) one, NRRL 832, gave better yields than the Fleming 
strain in submerged culture although it did not equal it in surface 
culture. This established three important points— 

(a) Penicillin production was a property of a group of strains in the 
PenicilUum chrysogenum-notatum group. 

( b ) Members varied greatly in their penicillin-producing powers. 

(c) Particular strains were better adapted than others for penicillin 
production under different conditions. 

It was clear that increases in the yield of penicillin could well follow 
studies of the mould itself. The phenomenon of mutation was most 
important in this connection. Penicillin production does not appear 
to be an important part of the metabolic activities of the mould cells. 
A mutation which results in a loss of penicillin-producing capacity 
need not produce any marked alteration in other characteristics of the 
mould. For this reason sub-cultures of Fleming’s original strain some¬ 
times appeared to be identical with the parent and yet gave very 
small yields of penicillin. 

Fortunately chance mutations can operate in both directions. Some 
mutants, as just mentioned give smaller yields but others give greater 
yields. A systematic search for mutants of Fleming’s original strain 
led to the discovery of NRRL 1249 B21, which gave excellent yields 
of penicillin in surface cultures. 

Artificial mutations were also induced by irradiation with X-rays. 
In this process a mass of mould spores is irradiated for several hours 
and from time to time samples are removed for plating out. Under 
ideal conditions about ninety per cent of the spores are killed and among 
the survivors some are found which have very different properties 
from the original mass of spores. Among penicillin-producing moulds 
some of the new strains produced much greater yields of penicillin. 
A combination of natural selection and artificial mutation was used to 
produce the strain now used in submerged culture for industrial 
production, the strain known as Wis. Q-176. 

The story of the selection of this strain is interesting. In response 
to requests made to the American public for mouldy materials, a 
housewife in Peoria, Illinois, supplied a mouldy cantaloup melon. A 
strain o £ PenicilUum ehrysogenum, designated NRRL 1951, was isolated 
from it. This proved to be a penicillin-producing variety, but it 
vaned greatly in this property, some variants giving very low yields, 
and some quite high ones. One naturally produced mutant NRRL 

7 —(T.jio) 
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I 95 I B25 was twice as good as the earlier obtained NRRL 832. 
Spores of B25 were now taken for X-irradiation and in this way an 
artificially induced mutant was obtained, X1612, which was twice as 
good as B25. Finally another treatment of spores of X1612 gave the 
Wisconsin strain Wis. Q176 with again nearly doubled penicillin- 
producing efficiency. 

Because of the mutability of the mould it is of great importance to 
keep an extremely close watch on it. Fortunately there are subtle 
changes in appearance of the mould which are noticeable to a trained 
mycologist familiar with the field and which indicate that penicillin 
production is about to fall. The other precaution taken is to make 
hundreds of sub-cultures of an active mould and preserve them on 
sterile sand or soil after “freeze-drying.” One advantage of the 
variability of the Penicillium chrysogenum group is that it is possible to 
select a mould for a particular purpose. Thus the most generally useful 
penicillin is benzyl penicillin and the mould for its production is 
NRRL 1984 N22. This does not produce high yields of penicillin 
judged by Wis. Q176 standards, but over sixty per cent of it is benzyl 
penicillin. 

Although they are not used industrially many other mould species 
besides the Penicillium chrysogenum group produce penicillin. Referring 
first to moulds related to this group, those from which penicillin or 
penicillin-like substances have been obtained include Penicillium 
lanosum , Penicillium roseo-citreum y and Penicillium griseo-Julvum. Other 
Penicillia with penicillin-producing powers are strains of Penicillium 
spinulosum , Penicillium turbatum , and Penicillium avellaneum. The genus 
most akin to Penicillium (apart from PenicilliumAike genera such as 
Byssochlatnys) is Aspergillus and some species here have been shown to 
yield penicillin. The Aspergillus jlavus group is outstanding and 
“flavicin” or “flavacidin” is a type of penicillin, as is parasiticin 
from Aspergillus parasiticus. Finally Aspergillus giganteus (an interesting 
species because of the bizarre and gigantic growth type) yields 
“gigantic acid” again a type of penicillin. In all some twenty-three 
species of Penicillium and nine of Aspergillus produce substances 
indistinguishable from penicillin. So far true penicillins have not been 
obtained from moulds not in these two genera (Florey, I 95 1 ) but a new 
type of penicillin, designated “cephalosporin-N” has recently been 
isolated from a species of Cephalosporium (Burton and Abraham, I 95 1 » 

Abraham et al. y 1953 )* u • u 

Turning to the medium and the metabolism of the mould it Has 
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already been said that in this country all early production was based 
on surface culture. For laboratory studies and specialist production 
surface cultures are still used, utilizing either the Fleming strain or 
NRRL 1249 B21. Production yields depend upon conditions, dealt 
with a little later in this chapter, and the apparatus employed consists 
of flasks, trays, specially shaped bottles, and even, in early days, one- 
quart milk bottles. An aqueous solution of molasses adjusted to pH 
7-8 is a good medium as this contains sucrose, mineral salts and 
nitrogenous material almost ideally suited for mould growth. 

An alternative to liquid surface production of penicillin is the use of 

bran. Moist bran is a good substrate for mould growth and the 

resultant penicillin can be extracted as for liquid production, or the 

penicillin-containing bran can be used direct. The disadvantage of the 

method is that bran is a bad conductor of heat so that it is difficult to 

sterilize it owing to the length of time taken for the interior to reach 

the desired temperature. Also heat is produced by the developing 

mould and it is difficult to dissipate this so that the penicillin is partly 
destroyed. 

For large-scale penicillin production submerged culture methods 
are used exclusively. In this process the inoculum is made into large 
tanks, the medium usually containing lactose as sugar source and corn- 
steep liquor as an adjuvant. The medium is agitated by a stream of 
sterile air, and the temperature is maintained at 24 0 . Under these 
conditions of agitation and aeration the mould grows throughout the 
bulk of the liquid as globular pellicles consisting mostly of mycelium, 
any incipient sporing structures being broken up, so that only a few 
spores and imperfectly developed stigmata are observed. When the 
culture filtrate is separated from the mycelium this is found to contain 
95 per cent of water. It is yellowish-green in colour and no use has 
yet been found for it. Although in theory a useful foodstuff it was 

found unsuitable in practice, pigs not tolerating more than 10 per cent 
in their feed, and poultry also rejecting it. 

Penicillin production in submerged, as in surface culture, is a function 
of such variables as pH available oxygen, the rate of carbohydrate 
oxidation, and the available combined nitrogen 

Using Penicillium notation (NRRL 832) it has been shown that the 
te of oxidation of the three sugars glucose, sucrose, and lactose is in 
the order quoted glucose being the most rapidly utilized. This is an 
important factor beating upon the degree of aeration of the mould. 
Glucose is an unsuitable sugar because the oxidation takes place so 
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rapidly that it becomes difficult to deliver the required amount of air 
throughout the rather pasty mass of globules of mycelium. 

The other important aspects of the biochemical changes taking place 
during penicillin production concern variations in pH which are 
linked with nitrogen compounds in the corn-steep liquor and the 
utilization of carbohydrate. 

Corn-steep liquor is a by-product of the com (maize) growing areas 
in the United States. In the manufacture of starch from maize the 
maize is soaked to break down the outer shell. The liquid drained 
afterwards from the maize is known as corn-steep liquor and contains 
dissolved nitrogen compounds, growth factors, and some of the 
groupings found in the penicillin molecule. Thus 2-phcnylethyl- 
amine, C 6 H 5 .CH 2 .CH 2 .NH 2 , and 2-p-hydroxyphenylethylamine, 
p-OH.C 6 H 4 .CH 2 .CH 2 .NH 2 , have been isolated from it (Mead and 
Stack, 1947). 

In laboratory submerged-culture experiments using lactose or 
glucose media the results from each sugar were very distinct. When 
a medium containing 3 per cent lactose and 2 per cent corn-steep 
liquor solids, with the correct ratio of mineral constituents, was 
inoculated with NRRJL 832, it was found that mould growth was at 
the expense of nitrogen-containing carbon compounds in the corn- 
steep liquor. Therefore the quantity of soluble nitrogen compounds 
declined but there was an increase in ammonia content and a small 
increase in pH resulted. At the end of the second day the pH is about 
7*0 and tliis pH is maintained during the period of the next six to eight 
days. The reason for tliis is that the ammonia and other nitrogen com¬ 
pounds are utilized for mycelial growth but also one of the free acids 
(lactic acid) is utilized, so that pH changes cancel each other out. 
Utilization of lactic acid is quite rapid by the fourth day, and the 
fermentation of lactose now begins. It reaches its peak after the sixth 
day and by the tenth day when cellular autolysis sets in, the lactose 
concentration is almost nil. 

Penicillin production is at its peak during the period of lactose 
fermentation while the pH “plateau” of 7-8 is maintained. If for any 
reason there is a departure from this figure, then penicillin production 
is greatly reduced. 

The situation when glucose replaces lactose is quite different. Mould 
mycelium is formed more quickly than on lactose during the first two 
days, but the glucose is utilized before the nitrogen-containing carbon 
compounds in the com-steep liquor. Thus there is very little liberation 
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of ammonia; there is a fall of pH instead of a slight rise, and the joint 
effect of the pre-existing lactic acid, and the gluconic acid produced 
from the glucose, is to buffer the pH at the wrong, low level, and 
penicillin production suffers. 

To summarize the situation the order of utilization of substrate is: 
glucose, nitrogenous carbon compounds, lactic acid, lactose; the pH 
depends upon the production of ammonia in the early stages of the 
fermentation. 

By making additions to the medium of pre-formed portions of the 
penicillin molecule it is possible to increase the yield of the 
desired penicillin. Using phenylacetamide, C 6 H 5 .CH 2 .CONH 2 , as a 
precursor it is possible to cause a strain usually producing pentenyl- 
penicillin to produce benzyl penicillin instead, and adding 2-phenyl- 
ethylamine increases the yield of benzyl penicillin. 

In a similar way when pencillin was produced on a purely synthetic 
medium the yield of penicillin increased three times by adding 0*4 per 
cent of phenylacetic acid or o-1 per cent cysteine or cystine as precursors 
(Stone and Farrell, 1946). By adding substituted precursors new types 
of penicillin have been produced: 2-p-fluorophenylethylamine gives a 

fluoropenicillin, and methoxy penicillin has also been prepared in this 
way (Smith and Bide, 1947). 

Thus by selecting or inducing mutants of the mould, or by adding 

precursors it is possible to produce almost any desired penicillin in a 
satisfactory yield (Amstein et al y 1947). 

The isolation of penicillin is rendered difficult by its instability and 
the very serious results of bacterial contamination. The metabolism 
solution is rapidly cooled and adjusted to a low pH. Solvent extraction 
men follows. If amyl alcohol is used the pH is reduced to 2-3- if 
butyl alcohol is used it is adjusted to 6-4 after adding ammonium 
sulphate. Petroleum ether is added to the cooled solvent extract and 
this is shaken with dilute sodium bicarbonate solution. The pH is now 
adjusted to 6-7 and the aqueous solution is rapidly freeze-evaporated 
to give the sodium salt. It is essential that the final product should be 
absolutely dry as well as pure and this is ensured by drying in a high 
vacuum. During all these operations the penicillin solutions must be 
maintained at a temperature just above its freezing point to avoid 


Reference was made above to the serious effects of bacterial con¬ 
tamination of the culture filtrate on the yield of penicillin. The reason 
is that some bacteria, notably scrams of Escherichia colt , secrete an 
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enzyme, “penicillinase,” which inactivates penicillin by breaking up 
the basic structure. Such a bacterial contamination results in the com¬ 
plete loss of all the penicillin in a large batch. The importance of 
ensuring completely aseptic conditions during penicillin production 
is obvious. Penicillinase is secreted by susceptible organisms as well 
as resistant ones, and conversely not all resistant organisms are penicil¬ 
linase producers. It is, therefore, not possible to project human ideas 
of struggle for survival into this field any more than it is in that of 
penicillin production. 

In discussing the properties of the penicillins attention will first be 
directed to their chemical nature. Four well-authenticated penicillins 
are produced by strains of Penicillium chrysogenum-notatum. In addition 
two penicillins are produced by Aspergillus species. They are all 
strong acids with a pK of about 2-8, and are soluble in water and many 
solvents. They are unstable as free acids and also at a pH above 8-5. 
The basic structure conferring penicillin-like properties is destroyed 
by heat, ethanol (due to esterification), penicillinase, compounds con¬ 
taining the sulphydryl group, mercuric chloride, copper ions, iodine, 
and even repeated freezing and thawing of a buffered solution. It is 
most fortunate that of the other important therapeutic agents, the 
sulphonamides do not inactivate penicillin. 

Despite this very great instability of the penicillin molecule a sus¬ 
tained effort by teams of workers on both sides of the Atlantic has 
elucidated the structures of all the penicillins, and they may be repre¬ 
sented by the general formula— 

h 3 c x 

>C—CH.COOH 

h 3 c/ I | 

S N 

CH CO 

\/ 

CH.NH.CO.R 

The Penicillins 

This general formula represents the penicillins as consisting basically 
of a fused /9-lactam and thiazolidine ring, a structure unique in organic 
chemistry. Differences in the grouping R account for all the types of 
penicillin. 

In penicillin F (or I in English terminology), R. is A 2 -pentenyl, 



THE STORY OF PENICILLIN 


95 


CH 3 .CH 2 .CH = CH.CH 2 , and the substance is correctly known as 
pentenyl penicillin— 


H,C 


C—CH.COOH 


N 


\/\ 

CH CO 

\/ 

CH.NH.CO.CH a .CH=CH.CH 2 .CH 3 


Pentenyl Penicillin (Penicillin F or I) 


In penicillin G (or II) the R group is benzyl and the penicillin is 
correcdy termed benzyl penicillin— 
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Benzyl Penicillin (Penicillin G or II) 


In penicillin X (or III) the R grouping is p-hydroxybenzyl and the 
penicillin is termed hydroxybenzyl penicillin_ 

HjCv 

>C—CH.COOH 
H a C/ | | 

S N 

\/\ 

CH CO 

\/ 

ch.nh.co.ch 3 — 

I^Htoboxybenzl Penicillin (Pbniciilin X oa in) 
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In penicillin K (or IV) the R group is n-heptyl so the correct name is 
heptyl penicillin— 

H,C X 

}C —CH.COOH 
H 3 C/ | | 

S N 

\/\ 

CH CO 

\/ 

CH.NH.CO.CH 2 .CH 2 .CH 2 .CH 2 .CH 2 .CH 2 .CH 2 

Heptyl Penicillin (Penicillin K or IV) 


The two penicillins produced by species of Aspergillus both have a 
five-carbon chain as the R group and so are variants of pentenyl 
penicillin. 

In gigantic acid produced by Aspergillus gigantcus the R group is 
tt-amyl and the substance is amyl penicillin— 


H. 




C—CH.COOH 


H.O 


N 



CH CO 



CH.NH.CO.CH,.CH,.CH,.CH>.CH. 


Amyl Penicillin (Gigantic Acid) 


In flavacidin, or flavacin, produced by Aspergillus flauus , and in 
parasiticin from Aspergillus parasiticus , the R group is A 3 -pentenyl, 
CH 3 .CH=CH.CH 2 .CH 2 , so that this is another pentenyl penicillin— 


H,C 


H,C 



C—CH.COOH 


S N 



CH CO 



CH.NH.CO.CH 2 .CHo.CH=CH.CH 3 
A 3 -Pentenyl Penicillin (Flavacin, or Flavacidin, or Parasiticin) 


The various steps by which the structures of the penicillins have been 
elucidated cannot be adequately summarized here. A general review, 
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covering also the isolation of penicillin, is to be found in Thorpe s 
Dictionary (1949) and the chemistry of the entire field is summarized by 
Cook (1948). The complete account of penicillin is to be found in the 
Monograph (Clarke et a\. y 1949). The structure of penicillin has received 
confirmation by synthesis (du Vigneaud et al ., 1946) but it does not 
at present appear that synthetic methods of preparation are likely to 
be successful commercially. 

Penicillin forms a limited number of derivatives which can be used 
for chemical estimations. The N-ethylpiperidine salt (Mader and 
Buck, 1948) or that of cyc/ohexylamine may be used. Pentenyl and 
heptyl penicillin do not interfere with determinations based on these 
reagents but in the event of any hydroxybenzyl penicillin being present 
this is returned as benzyl penicillin. The use of this method may be 
illustrated by a brief reference to the isolation of radioactive penicillin 
in very small amounts by Smith and Hockenhull (1952). 

Penicillium chrysogenum will convert radioactive sulphur-35 from 
inorganic compounds into penicillin although only a small fraction of 
the sulphur is so used. Owing to the high cost of sulphur-35, the 
culture solution treated was only 40 c.c. Phenylethylamine hydro¬ 
chloride (o* 1 per cent) had previously been added as precursor, and the 
culture filtrate was extracted twice at pH 2-0 with one-quarter of a 
volume of amyl acetate, after cooling in ice-water. The amyl acetate 
extract was now extracted twice with one-eighth of the original 
volume of phosphate buffer at pH 8*o and re-extracted twice, after 
adjusting to pH 3-0, with one-half the volume of ether. The ether 
solution now contained partly purified penicillin, and water was 
removed by chilling in a solid carbon dioxide—ethanol bath. It was 
then transferred to a dry centrifuge tube and allowed to warm. One- 
tenth of its volume of dry acetone was added followed by 2 per cent 
ethereal N-ethylpiperidine or cyc/ohexylamine until the pH was 8-o. 
Crystals of the radioactive salt of penicillin were collected by centri¬ 
fuging. Using this method as little as 2-2 mg of penicillin was obtained 
in a pure state from the culture solution. 

Commercial penicillin consists of a mixture of benzyl, pentenyl, and 
heptyl penicillins with almost none of the hydroxybenzyl derivative. 
The gravimetric methods based on the above salts are thus used for 
routine analyses, where the biological method is inappropriate. 
Pentenyl penicillin can be produced if desired by using surface cultures 
whereas submerged cultures give mainly the benzyl compound. If 
hydroxybenzyl penicillin is desired, this can be produced by using 
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submerged cultures of strain NRRL 1948 N22. New types of 
penicillin produced by introducing precursors into the culture medium 
have not proved useful in medicine. 

The value of the penicillins as antibiotics depends upon the organism 
against which they are tested and the nature of the penicillin. In the 
early days of penicillin research some confusion was caused because 
American strains of bacteria did not show the same sensitivity as 
English strains, and moreover it was some time before it was realized 
that workers were not necessarily referring to the same substance when 
they referred to “penicillin.” It was thus essential to provide an 
accepted standard of activity. The bacterial strain used as the susceptible 
organism was that used by the Oxford team, and is known as “the 
Oxford strain” of Staphylococcus aureus. Penicillin activity was 
measured in units, usually termed the Oxford unit. This unit is that 
quantity of penicillin present in 50 c.c. of solution which will just 
inhibit the growth of the Oxford strain of Staphylococcus aureus. When 
penicillin was obtained in a pure form benzyl penicillin was chosen as 
the standard and one penicillin unit is o-6 pg (0-000006 g) of the sodium 
salt of benzyl penicillin. This means that 1 mg of pure sodium benzyl 
penicillin contains 1,667 units of penicillin. 

Early workers were pleased with culture filtrates containing 10 
units per cubic centimetre. Strain Wis. Q176 produces 900 units or 
more per cubic centimetre. By choosing optimum conditions of 
pH (6-S-7-4), aeration and agitation, and the addition every 12 hours 
of 0-05 per cent phenyl-acetic acid as precursor, yields of 1,800 units 
of penicillin per cubic centimetre may be obtained, of which 97 per 
cent is benzyl penicillin (Brown and Peterson, 1950). Yields as high 
as 3,000 units per cubic centimetre have been claimed (Foster, 1949) 
following X-irradiation of mutants of Q176. 

If we compare the various penicillins as antibiotics the situation is as 
shown in Table II. 

Benzyl penicillin has proved itself to be the most generally useful, 
although hydroxybenzyl penicillin is more active in certain diseases 
(gonorrhoea, and Streptococcus viridans infections) than would be 
supposed from the following table. Heptyl penicillin suffers from the 
serious disadvantage that it is rapidly destroyed in the blood stream and 
thus has a very much lower potency than the table suggests. 

Penicillin has the great virtues of potency and non-toxicity. It is 
active against the following impressive list of organisms 

Diplococcus pneumoniae (pneumonia organism); Neisseria gonorrhoeae 
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TABLB II 


The Penicillins as Antibiotics 


Penicillin type 

Activity (units/mg) against 

Ratio of activity 

B. subtilis/Staph, 
aureus 

Staphylococcus 

aureus 

Bacillus 

subtilis 

Benzyl penicillin 

1,667 

1,667 

1*0 

Pentenyl penicillin 

1,465 

970 

065 

Hydroxybenzyl penicillin . 

850 

1,450 

1 *4-2-0 

Heptyl penicillin 

2,300 

760 

0*33 

Flavadn, A 3 -pentenyl penicillin . 

1,400 

1,000 

0*72 


(gonorrhoea organism); Streptococcus pyogenes (incriminated in a 
number of infections such as childbirth fever, scarlet fever, generalized 
bloodstream infections, and rheumative fever); Staphylococcus aureus 
(frequently associated with boils and skin infections generally); 
Streptococcus salivarius; Staphylococcus alhus (some strains); Neisseria 
intracellular is (the “meningococcus” associated with meningitis); 
Actinomyces hovis; Clostridium tetani (the tetanus organism); Bacillus 
anthracis (the causative agent of anthrax); Bacillus subtilis; Clostridium 
botulinum; Clostridium perfringens (associated with “gas” gangrene in 
wounds); Clostridium septicum; Corynebacterium diphtheriae (diphtheria 
organism); Streptobacillus moniliformis; Erysipelothrix rhusiopathiae 
(swine erysipelas); and Treponema pallidum (the syphilis organism). 

This list includes mostly Gram-positive organisms but it should be 

stressed that the most sensitive organism of all, the gonococcus, 

Neisseria gonorrhoeae , is Gram-negative. It will be noted that both the 

chief venereal disease organisms are in the above list. It is a fact that 

really dramatic cures have been obtained using penicillin. In fact if 

penicillin is used in conjunction with other antibiotics it is not too 

much to say that these two diseases can be wiped off the face of the 

earth. Similarly pneumonia is now regarded as almost a rarity in up- 
to-date hospitals. r 

e organisms is so large that it is advisable to give 
a list of non-susceptible organisms. These are mostly but not always 
Gram-negative, and the size of the list is an indication of the field still 
open, and only partly covered by other antibiotics. 
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The non-susceptible organisms include: viruses; yeasts and yeast- 
like organisms such as Monilia albicans (the organism associated with 
“thrush”) and Monilia Candida ; the coliform organisms, Escherichia 
coli, Ebcrthella typhosa (typhoid fever). Salmonella paratyphi , Salmonella 
enteritidis , Shigella dysenteriac (the three last organisms are associated 
with food poisoning, enteritis, and bacterial dysentry); Streptococcus 
faecalis; Proteus vulgaris; Pseudomonas aeruginosa (the “blue pus” 
organism); Pseudomonas fluorescens; Serratia marcescens; Klebsiella 
pneumoniae; Haemophilus influenzae; Haemophilus pertussis (whooping 
cough); Staphylococcus albus (some strains); Mycobacterium tuberculosis 
(the tubercle bacillus, the causative agent of tuberculosis); Brucella 
melitensis; Vibrio cholerae (the cholera organism); and moulds arc 
usually quite unaffected by penicillin. 

It will be seen that cancer, poliomyelitis, small-pox, influenza, 
enteritis in its various forms, typhoid fever, tuberculosis and cholera as 
well as mould infections such as ringworm are some of the important 
diseases for which penicillin is no answer. Just as Neisseria gonorrhoeae 
was outstanding as a Gram-negative organism which is susceptible to 


TABLE in 


Activity of Penicillin against Bacteria: Activity Expressed in 
Terms of Dilution of Penicillin by which Growth is Affected 

(Abraham, ct al., 1941) 



Dilution required for inhibition of growth 

Organism 

Complete 

inhibition 

Partial 

inhibition 

No 

inhibition 

Neisseria gonorrhoeae 

2,000,000 

>2,000,000 

>2,000,000 

Neisseria intracellularis 

1,000,000 

2,000,000 

4,000,000 

Staphylococcus aureus 

1,000,000 

2,000,000 

4,000,000 

Streptococcus pyogenes 

1,000,000 

2,000,000 

4,000,000 

Bacillus anthracis 

1,000,000 

2,000,000 

4,000,000 

Actinomyces bovis . 

Streptococcus viridans 

1,000,000 

2,000,000 

variable 

4,000,000 

* 

Clostridium tetani . 

1,000,000 

but only 100,000 in beef broth 

Diplococcus pneumoniae . 

250,000 

500,000 

1,000,000 

Clostridium diphthcriae (gravis) . 

32,000 

64,000 

128,000 

Salmonella typhi 

10,000 

30,000 

90,000 

Proteus sp. 

4,000 

32,000 

60,000 

Brucella abortus 

2,000 

4,000 

8,000 

Brucella melitensis . 

< 1,000 

2,500 

10,000 

Vibrio cholerae 

<1,000 

1,000 

2,000 

Escherichia coli 

< 1,000 

<1,000 

1,000 

Mycobacterium tuberculosis 

<1,000 

<1,000 

1,000 
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penicillin, so the tubercle bacillus is outstanding as a Gram-positive, 
indeed acid-fast, organism which is not susceptible. 

Table III expresses the susceptibility of some of the various organisms 
in the lists just given. 

The information just given shows that penicillin activity varies 
according to three main factors— 

(0) The strain of the susceptible organism. 

(b) The type of penicillin used. 

(c) The nature of the environment. 

If due allowance is made for the importance of these factors it is 


possible, as noted earlier, to standardize penicillin biologically. The 
weakness of the chemical tests is that they return only the specific 
substances present. Biological tests give more direct information on the 


potency of the preparation. This objection to chemical methods 
applies especially to some of those used earlier, such as iodine titration. 


A further general description of methods of testing antibiotics is 
deferred to Chap. XII. 


Early workers on penicillin were greatly attracted by a bright yellow 
pigment which was formed at the same time as penicillin and was 
known as chrysogenin. Later an antibacterial enzyme known as 
notatin or penatin was isolated from the solution. A few details on 
these products will be given here. 

Chrysogenin, mixed with the alkali-soluble protein mentioned in 
Chap. II, was obtained as a yellow precipitate on acidifying the culture 
solutions from several strains of Pcnicillium chrysogenum and Penicillium 
notatum. About thirteen grammes of the mixture was obtained from 
thirty litres of culture filtrate. The dried material was extracted with 
ether in a Soxhlet apparatus and the yellow pigment obtained as a glaze 
on evaporation of the ethereal solution. It was purified by precipitation 
from benzene solution by the addition of petroleum ether. 

Analysis figures agreed best with a formula O fi . It is very 

soluble m organic solvents except petroleum ether, but is insoluble in 
water It is strongly laevorotatory and gives an olive brown colour 
with feme chloride solution. It is soluble in sodium hydroxide, 
behaving as a weak dibasic acid, and is precipitated by passing carbon 
dioxide through the solution. On warming the caustic alkaline solu¬ 
tion acetaldehyde and sorbic acid were obtained. On methylation it 
gave a monomethyl derivative and on reduction a dihydro derivative. 
This product, dihydrochrysogenin, C 18 H 24 O e , was easily re-oxidized 
o the parent compound, and gave a wine-red colour with ferric 
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chloride solution. It also gave a dimethyl derivative, and this gave a 
green colour with ferric chloride. 

Chrysogenin would appear to contain a quinone nucleus but nothing 
further has been reported about it since this work which dates from 
1932 (Clutterbuck ct al.). The cultural conditions differ from those 
used in penicillin production chiefly in the incubation period. On the 
purely synthetic medium used in this work penicillin production 
reached its maximum in about eighteen days. Chrysogenin was 
isolated after twenty-one to twenty-eight days’ incubation, by which 
time most of the penicillin had disappeared. It would be of interest to 
establish the relationship between chrysogenin and penicillin, since 
chrysogenin is devoid of antibacterial activity. 

The other product, notatin, differs from the inactive protein which 
accompanies chrysogenin in being a powerfully antibacterial agent 
(Coulthard ct al ., 1950). It is, however, a protein, being an enzyme 
most correcdy described as a glucose aerodehydrogenase and is 
chemically a flavoprotein (Keilin and Hartree, 1948). It owes its anti¬ 
bacterial properties entirely to the presence of oxidizable substances 
such as glucose or, less satisfactorily, D-xylose or D-mannose, which in 
the presence of atmospheric oxygen are oxidized to the corresponding 
acid lactone with the production of the antibacterial hydrogen 
peroxide. The acid lactone is then hydrolysed non-enzymically to the 
corresponding acid (Bentley and Neuberger, 1949)— 


HO—C—H 

I 

H—C—OH 

I 

HO—C—H O + 0 2 

H-C-OH 

H—C- 

CH 2 OH 

glucose 


o=c 

I 

H—C—OH 

> HO—C—H O + HoO, 

I 

H—C—OH 

I 

H—C- 

I 

ch 2 oh 

gluconic acid lactone 


Support for this view was afforded by the observations that pure 
hydrogen peroxide had the powerful antibacterial activity to be 
expected if it were indeed the active agent; and that in the presence of 
catalase which catalyzes the decomposition of hydrogen peroxide, 
notatin had no antibacterial activity. 
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Notatin was discovered when it became necessary to ascertain the 
reason for erratic results in penicillin assays, especially in the presence 
of glucose. It accompanies penicillin in some culture solutions 
especially those in which the pH falls to about 3*5 and is maintained at 
this figure for about fourteen days. Culture conditions favourable for 
penicillin production demand a higher pH (6*8-7-4) which is obtained 
on lactose media. By adjusting the initial pH to about 7*5 and using 
glucose as the sugar it was always possible to produce notatin. In fact 
on this medium either notatin or penicillin could be produced at will 
by varying the initial pH (Coulthard et al., 1945). Notatin was 
isolated from the culture filtrate by evaporation, followed by acetone 
precipitation, formation of the tannic acid complex, and acetone 
extraction. The best enzyme preparations were 90 per cent pure, and 
were capable of being stored for several months in sealed containers 
without being inactivated. 

Since hydrogen peroxide is a general poison it is not surprising that 
notatin is active against both Gram-positive and Gram-negative 
bacteria. Thus the highest dilutions giving complete inhibition of 
growth are, in a few examples: Staphylococcus aureus, 10 s ; Escherichia 
coli , io 6 ; Eberthella typhosa , io 7 ; Vibrio comma , io 9 ; Brucella abortus , 
10 7 ; and Bacillus anthracis, io 7 . Unfortunately the use of notatin is 
merely an expensive way of applying hydrogen peroxide, whose 
clinical use is extremely well known. Notatin must thus be regarded 

as of only academic interest as an antibiotic, although of great interest 
as an enzyme. 

Just as penicillin is produced from several different mould species, so 
at least one other Penicillium , namely P. resticulosum , produces notatin. 
It does not, however, yield penicillin (Coulthard et al ., 1945). Clutter- 
buck et al. similarly showed in 1932 that there are chyrsogenin- 
producing strains of Penicillium chrysogenum which do not produce 
penicillin, so that these various products do not appear to be particularly 
closely linked together in the mould cells’ metabolism. 
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CHAPTER VI 


STREPTOMYCIN AND SOME OTHER 

ANTIBIOTICS 


Penicillin has been dealt with first, and by itself because of its pre¬ 
eminent importance. Attention can now be turned to streptomycin, 
chloramphenicol, aureomycin, terramycin, the polymyxins, and some 
other antibiotics. Some of these are now of historical or academic 
interest in spite of high hopes when they were first discovered. It 
may be said here that if the discovery and early development of 
penicillin was a British achievement, the rest of the useful antibiotics 
with very few exceptions are of American origin. 

The value of penicillin was two-fold. First there was its own 
clinical and scientific interest; and second it has promoted a lasting and 
profitable search for other antibacterial agents. Penicillin was far from 
being the first antibiotic to be discovered, and the interest shown to-day 
in antibiotics is no new development. As long ago as 1877 Pasteur and 
Joubert discovered that an air-borne organism checked the growth of 
cultures of Bacillus anthracis. In 1896 Gosio isolated from a Penicillium 
species an acid which was later named mycophenolic acid, 
QfHjjoCV It checked the growth of Bacillus anthracis and was thus the 
first mould antibiotic, admittedly not a clinically useful one. The first 
interest shown by medical workers in an antibacterial substance came 
in 1899 when Emmerich and Loew used an enzyme preparation, 
pyocyanase from Pseudomonas aeruginosa. It had quite a vogue until 
its instability, and erratic clinical results led to its disuse. This episode 
represents the first use of a bacterial antibiotic and the first, if only 
briefly sustained, medical interest in such substances. In 1913 two 
American workers Alsberg and Black isolated penicillic acid, C 8 H 10 O 4 , 
from Penicillium puberulum and used its solution to check the growth of 
Escherichia coli. They found, however, that it was too toxic to have any 
likely application in medicine. Thus the discovery of penicillin in 1929 
was merely a development in a search which for various reasons and 
with varying degrees of success had been going on for fifty years. It 
might also be mentioned that penicillin’s chemical structure was far 
from being the first to be elucidated among the antibiotics. Penicillic 
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acid was assigned its molecular structure in 1936, some ten years 
before that of penicillin was known. 

Streptomycin 

Streptomycin is the most important antibiotic, next to penicillin. 
It is the drug which has been of the greatest service in the treatment of 
tuberculosis and remains the one drug in the treatment of this disease 
which has been most intensively studied and has given the most clear- 
cut results (Daniels et ah, 1952). It has disadvantages compared with 
penicillin, notably toxicity and the fact that bacteria readily develop 
resistance to it, but it fills in some of the gaps left by penicillin in a 
most desirable manner. 

Streptomycin was first described by Schatz, Bugie, and Waksman 
in 1944 and is produced by Streptomyces griseus , one of the organisms 
loosely described as an Actinomycete. As with penicillin, production 
was first carried out by surface cultures but submerged cultures soon 
replaced them (Emery, 1952). Since Streptomycetes are bacteria the 
culture solution must contain protein materials such as soya-bean meal 
and cottonseed meal. Large vats holding up to 15,000 gal are used and 
strictly aseptic conditions are employed. Growth is at 24°-2S° and the 
maximum yield is usually obtained after three to five days. The 
mycelium and metabolism are separated and the streptomycin is 
obtained from the filtrate, either by adsorption on charcoal or on base 
exchange resins. It is eluted from the charcoal or the resin by using 
dilute aqueous or ethanolic or methanolic mineral acids, and the acidic 
eluate is purified by passing it through an ion exchange resin. The 
pure streptomycin can be isolated as the sulphate or as the crystalline 

double salt with calcium chloride. 

It is difficult to obtain these crystalline compounds in a completely 
sterile condition and it is usual to re-dissolve the solid, to give a 25 per 
cent solution, and this solution is freed from solvent (if any is present), 
and from heavy metals, colour, and other impurities, before being 
sterilized by passage through a Seitz filter, and freeze-dried. The 
freeze-dried powder is transferred aseptically to small vials as is the 

case with penicillin. 

As far as the organism is concerned, the development of higher 
yielding strains of Streptomyces griseus has been carried out as for the 
penicillin moulds by X-irradiation, or ultra-violet light. The search 
for new strains of Streptomyces griseus was greatly facilitated by growing 
strains in the presence of streptomycin. One difficulty m streptomycin 
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production which does not arise with that of penicillin is attack on the 
organism by bacteriophages. These virus agents, known in this case 
as actinophages, have caused losses in plant production but can be 
effectively guarded against by using selected strains of Streptomyccs 
grisetts, and taking rigid precautions during laboratory and pilot-plant 
preliminary work. On the other hand streptomycin is far more stable 
than penicillin which makes its isolation and handling somewhat 
easier. 

As an antibacterial agent streptomycin rivals penicillin in the wide 
range of organisms which are susceptible. Some, such as Neisseria 
gonorrhoeae and Staphylococcus aureus , are inhibited by both antibiotics. 
Those not susceptible to penicillin but which are checked by strepto¬ 
mycin include many Gram-negative organisms and also acid-fast 
organisms. Proteus vulgaris , Escherichia coli , Salmonella species, Eberthella 
typhosa , Klebsiella pneumoniae , Pasturella pestis (the bubonic plague 
organism), Haemophilus influenzae , and Pseudomonas aeruginosa (the 
blue-pus organism) are among Gram-negative organisms; and 
Bacillus subtilis, Clostridium perfringens , Corynebacterium diphtheriae, 
Bacillus anthracis , and the acid-fast Mycobacterium tuberculosis , are among 
the Gram-positive organisms which are inhibited by streptomycin. 
The main organisms against which it is inactive are many of the 
species of Streptococcus and Clostridium. 

Streptomycin’s greatest clinical use has been in the treatment of 
tuberculosis, but it has also been extremely valuable in dealing with 
bubonic plague, and influenzal meningitis caused by Haemophilus 
influenzae , as well as in the treatment of wounds infected with Gram¬ 
negative organisms, and in numerous cases in which strains of organisms 
normally sensitive to penicillin are encountered (some cases of venereal 
disease) but which do not respond to penicillin treatment. 

The determination of the potency of streptomycin solutions very 
closely follows that of penicillin. The biological unit, used by earlier 
workers is still obligatory in this country. One streptomycin unit is 
defined as that quantity which, when dissolved in 1 c.c. of nutrient 
broth just checks the growth of Escherichia coli. This is approximately 
equal to 1 fig (o-oooooi g) of free base. In the United States it is 
therefore permissible to express the potency of streptomycin prepara¬ 
tions m terms of microgrammes of pure base per one milligramme of 
product. 0 

The biological estimation is carried out by using E. coli, or some- 
tunes Bacillus subtilis, as the test organism in the cup and plate process 
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as used for penicillin. A turbidimctric method using Klebsiella 
pneumoniae has also been used. 

Since streptomycin is a moderately large molecule containing 
several well-defined residues the opportunities for chemical methods 
of determination are greater than they are for penicillin. Maltol is one 
of the degradation products and one method of estimating strepto¬ 
mycin is to carry out an alkaline hydrolysis and estimate the maltol 
produced by means of the purple colour it gives with ferric salts in 
acid solution. Some further comments on chemical methods of 
estimating streptomycin will follow the section on its chemistry. 

Streptomycin, C 2 iH 39 N 7 0 12 , is a water-soluble base which has not 
yet been obtained in a crystalline condition. Its aqueous solutions are 
stable in the pH range i-io, and streptomycin is in fact a more stable 
substance than penicillin. It is a tri-acid base, the formula of the 
(crystalline) hydrochloride being C 21 H 3 9 N 7 0 12 . 3 HCl. Streptomycin 
hydrochloride also forms a well-characterized crystalline double salt 
with calcium chloride, C 21 H 39 N 7 0 12 . 3 HCl.£CaCl 2 . This salt is formed 
on mixing methanolic solutions of streptomycin hydrochloride and 
calcium chloride, and its preparation made possible the isolation of 
crystalline streptomycin derivatives on a commercial scale (Emery, 

1952). 

In strongly acid solutions streptomycin is hydrolysed to two new 
products, streptidine, C 8 H 18 0 4 N 6 , and streptobiosamine, QaHvjOgN 
(Peck et al., 1945)— 


C 21 H 39 N 7 0 12 + HoO 

streptomycin 


C a H ls N 6 0 4 + C 15 H 23 NO 0 

streptidine streptobiosamine 


On alkaline hydrolysis streptomycin gave the y-pyrone derivative 
maltol (Schenk and Spielman, 1945)— 

O 


C 

/ \ 

CH C—OH 

II II 

CH C—CH 3 

\ / 
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Maltol 
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which has already been referred to above as one of the substances used 
as an indicator substance in the determination of streptomycin. 

The further degradation of streptidine by alkaline fission gave 
another base, streptamine (Brink, et al. f 1945)— 

C 8 H 18 N 6 0 4 + 4H z O -> C 6 H 14 N 2 0 4 -f 4NH3 + 20, 

streptidine streptamine 


Streptamine gives a hexabenzoyl compound with benzoyl chloride 
and pyridine, and from a study of the reaction with periodate it was 
concluded that it contains four hydroxyl groups and two free amino 
groups, on adjacent carbon atoms (Carter et al. y 1945). It was thus 
shown that streptidine and streptamine show a close chemical relation¬ 
ship with inositol— 


OH 


CH 

/ \ 

HO—CH CH—OH 

I I 

HO—CH CH—OH 
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CH 

I 

OH 

Inositol 


NH* 

i 
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HO—CH CH—OH 

I I 

HO—CH CH—NH, 
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STREPTAMINE 


NH—C^ 
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HO-CH 
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HO—CH 
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CH—OH 

I yNH 

CH—NH<f 
/ X NH a 
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Streptidine 


to ? C fi , rSt acid de g rada tion product of streptomycin was thus shown 
to be a derivative of inositol. The structure of the second breakdown 
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product, streptobiosamine, C 13 H 23 N 0 9 was established as follows. 
Streptomycin gives evidence of containing only one carbonyl group, 
and on treatment of the hydrochloride of streptomycin with methano- 
lic hydrogen chloride this carbonyl group takes part in the reaction to 
give a dimethyl acetal group. Therefore acid hydrolysis under these 
conditions gives, in addition to streptidine, a substance C 13 H 22 N 0 7 
(OCH 3 ) 3 .HCl known as streptobiosaminide dimethyl acetal (Brink 
et al , 1945)— 

C 21 H 39 N 7 0 12 .3HC1 + 3 CH 3 OH 

streptomycin 

hydrochloride 

-»• C 8 H 18 N 0 O,.2HCl + C n H 2 ,N 0 -( 0 CH 3 ) 8 .HCl + H.O 

streptaminc mcthylstrcptobiosaminidc 

dimcthylacetal 

This dimethylacetal derivative gave methylamine on drastic alkaline 
hydrolysis showing that the nitrogen atom was present as a methyl- 
amino group. Less drastic degradation of methyl streptobiosaminide 
by means of acetic anhydride and hydrochloric acid yielded an identi¬ 
fiable sugar derivative, the “unnatural” form of glucosamine (Kuehl, 
Flynn, Holly, Mozingo, and Folkers, 1946)— 


a,o 

C 13 H.,N0 7 (0CH 3 )3.HC1- 

HCI 


CHo.OA 

N-mcthyl-L-glucosaminc pcnta-acctate 

The hexose sugar which had not been identified was later named 
streptose and it was decided that streptobiosamine was, in all proba¬ 
bility, a glycoside of N-methyl-L-glucosamine and streptose. 

On bromine oxidation and subsequent hydrolysis this gave strepto- 
sonic acid monolactone, C 6 H 8 O s . This formed a diamide, and per¬ 
iodate oxidation showed that it contained three adjacent hydroxyl 
groups. Infra-red analysis was also used to establish the structures of 
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the three compounds which were shown to be as follows (Kuehl, 
Flynn, Brink, and Folkers, 1946)— 


CO.NH 2 

I 

HO—CH 

I 

HO—C—CONHo 

I 

HC—OH 

I 

ch 3 

Streptosonic Acid 
Diamidb 
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HO—CH 
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HO—C—COOH 

-CH 

I 

ch 3 

Streptosonic Acid 
Monolactone 
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I 
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HO—CH 
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HO—C—CHO 
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I 

CH 3 

Strbptose 


and from these results the structure of streptobiosamine was shown to 
be as follows— 

H 

I 

HO—C-, 

-CH-O — 

I 

CH 3 NH—CH 
O HC—OH 

I 

HO—CH 

I 

-CH 

I 

CHjOH 

Streptobiosaminb 

The final structure of streptomycin was based on benzoylation and 
periodate oxidation. It was shown that the points of attachment of the 
strepttdine and the strepto-biosamine residues were carbon atom 4 
and carbon atom x respectively (Kuehl et al, 1947). The decision that 
carbon atom 1 of streptose was involved in this glycosidic union 
roHowed the observation that whereas maltol is formed (by molecular 
rearrangement) on alkaline degradation of streptomycin, tetra-acetyl 


HO—C—CHO O 

I 

CH- 

I 

CH, 
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and N -acetyl streptobiosamine do not yield maltol. Since these com¬ 
pounds have no substituents on carbon atom i it appears that such 
substituents must be present for maltol production. Therefore 
streptose carbon atom i is glycosidically united to the rest of the 
streptomycin molecule. The fmal structure of streptomycin was thus 
given by Kuchl and co-workers (1948) as— 



Following knowledge of the chemistry of streptomycin analytical 
procedures based on this information became practicable. Estimation 
of the maltol formed on alkaline hydrolysis has been based on subsequent 
steam distillation, chloroform extraction, or ultraviolet absorption. 

Much smaller amounts of streptomycin may be estimated by using 
the carbonyl group for example by reaction with 4-(4-(p-chloro- 
phenylazo-i-naphthyl))-semicarbazide. 

The estimation of mannosido-streptomycin is important because it 
is an undesirable contaminant. One method depends upon the 
formation of a purple-red colour with carbazole in strong sulphuric 
acid solution, and a second utilizes a green coloration developed with 
0-2 per cent anthrone in 95 per cent sulphuric acid. Both the colour 
reactions depend upon the mannose moiety characteristic of strepto¬ 
mycin B (Emery, 1952). 

Streptomycin Derivatives 

Streptomycinic acid , C 2 iH 39 N 7 0 13 (Fried and Wintersteiner, I 947 )» 
was obtained as an amorphous product on oxidizing streptomycin with 



STREPTOMYCIN AND OTHER ANTIBIOTICS 


ii3 


bromine water. It gives no carbonyl reactions, nor does it yield maltol 
with alkali, showing that the aldehyde group in the streptose part of 
the molecule has been oxidized. Streptomycinic acid is not a natural 
product. 

Dihydrostreptomycin , C 2 iH 41 N 7 0 13 , is produced by catalytic reduction 
of streptomycin over a platinum catalyst. It is stable to alkali, and does 
not react with carbonyl reagents. On treatment with methanolic 
hydrogen chloride it gives streptidine and methyl dihydrostrepto- 
biosaminide (Bartz et al. t 1946). Catalytic reduction has clearly 
reduced the aldehydic group in the streptose residue to a primary 
alcohol group. 

Hydroxystreptomycitiy C 21 H39N 7 0 14 (Benedict et al. y 1950), is a 
natural product being produced by a Streptomycete believed to be 
Streptomyces griseo-carneus. It contains an extra oxygen atom com¬ 
pared with streptomycin, and this has been shown to be in the streptose 
portion of the molecule, the terminal methyl group in streptose being 
replaced by a hydroxymethyl group. One indication of this is the 
isolation of hydroxymaltol on alkaline hydrolysis of hydroxy- 
streptomycin. 

O 

OH 



Q CHoOH 

Hydroxymaltol 


Mannosido-streptomycin (streptomycin B), C 27 H 49 N 7 0 17 (Titus and 
Fried, 1947). 

The streptomycin derivatives mentioned so far have all differed 
from streptomycin in the streptose part of the molecule. In mannosido- 
streptomycin, an extra sugar residue is introduced, this being attached 
glycosidically to the N-methyl-L-glucosamine moiety. 

Streptomycin B is, like hydroxystreptomycin, a natural product. 
It always accompanies streptomycin (sometimes referred to as strepto¬ 
mycin A to ensure a distinction from mannosido-streptomycin), and is 
in fact the form in which the streptomycin molecule first appears in 
young cultures. Mannosido-streptomycin accounts for about fifty' 
per cent of the antibiotic activity of young culture solutions and it is 
enzymically degraded to streptomycin in older culture solutions. 

Methanolysis and acetylation of streptomycin B yielded as one 
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product oc-mcthyl tetra-acetyl-D-mannopyranoside, and the odier 
analytical data agreed with a formulation (Fried and Stavely, 1947)— 

Streptomycin B = streptidine + streptobiosamine + mannose 

Tliis was confirmed by sulphuric acid hydrolysis (Stavely and Fried, 
1949) which gave streptidine and dihydromannosidostreptobiosamine. 
It was then shown that carbon atom 4 of the glucosamine residue of 
streptobiosamine was linked with the first carbon atom of the 
mannose residue so that the formula of mannosido-streptomycin may 
be represented as— 
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Mannosido-streptomycin (Streptomycin B) 


The antibacterial activities of these derivatives, where antibiotic 
properties arc present, are very similar to those of streptomycin itself. 
Dihydrostreptomycin has a similar potency and has advantages over it 
in being less painful on injection and in being better tolerated. It was 
the main form in which streptomycin was marketed in 1949 in 
America, replacing the crystalline calcium chloride compound. 
However, it has recently been suggested that it causes deafness and it 
may well decline in favour. Mannosido-streptomycin is far less 
valuable than streptomycin and it is regarded as an undesirable im¬ 
purity for this reason. In the early days of streptomycin therapy other 
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impurities were highly undesirable because of their toxicity. This 
aspect has now been satisfactorily dealt with, although streptomycin 
dosages have to be restricted compared with those used for penicillin. 

Chloramphenicol 

After streptomycin perhaps the most interesting Streptomycete 
antibiotic is chloramphenicol (“Chloromycetin”). See Ehrlich et ai, 
1948; Bartz, 1948. It is of interest biologically in having a wide range 
of antibacterial activity, an activity passing beyond the bacteria and 
including the Rickettsia and larger viruses. Biochemically it is of 
interest because it is at one and the same time a derivative of dichloro- 
acetic acid and of nitrobenzene. This is the first time that nitrobenzene 
or dichloroacetic acid have appeared in a natural product. From the 
purely chemical point of view chloramphenicol attracts attention 
because, like ascorbic acid among the vitamins, it was the first anti¬ 
biotic to be obtained in quantity by a synthetic process. 

Chloramphenicol, C n H 12 N 2 0 5 Cl 2 , is a crystalline substance obtained 

from the culture solution of Streptomyces venezuelae. The culture used 

was a new species isolated from a soil sample obtained from a field in 

Venezuela, hence the name of the organism. As an antibiotic 

chloramphenicol has the advantages of a wide range of activity, a 

rapid yet prolonged action, and in being well tolerated by the patient 

without side effects. It is also a stable substance and can therefore be 

administered by mouth. There is also a considerable concentration 

of the drug in the urine and this makes it valuable in infections of the 

urinary tract. Amongst the organisms which are susceptible to 

chloramphenicol are some which are also inhibited by penicillin and 

streptomycin. This is not necessarily a disadvantage as it provides a 

therepeutic agent against resistant strains. It is active against many 

Gram-negative organisms, having been outstandingly successful 

against the whooping cough organism Haemophilus pertussis , and the 

typhoid organism Eherthella typhi. It is very active against many of the 

organisms infecting the alimentary or urinary tract. These include 

Escherichia coli, Aerobacter aerogenes, Salmonella para-typhi B (schottmuel- 

/en), and other Salmonella species. It is also very active against Brucella 

abortus, Br. melitensis, and Br. suis , three organisms associated with 

brucellosis or undulant fever; and against Pseudomonas aeruginosa , and 

Proteus vulgaris . Gram-positive susceptible organisms include Diplo- 

coccm pneumoniae. Staphylococcus aureus, Corynebacterium diphtheriae 
and Bacillis antkracis. 
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The most striking feature of the anti-microbial activity of chloram¬ 
phenicol is that it inhibits some of the Rickettsia and larger viruses, a 
power denied to streptomycin and penicillin. Rickettsia prowezeki is 
the agent associated with typhus fever, treatment of which was an 
early clinical success of chloramphenicol. Chloramphenicol is also 
active against endemic or murine typhus fever associated with 
Rickettsia mooseri , scrub typhus fever due to Rickettsia orientals, or 
Rickettsia tsutsugamushi , and Rocky Mountain spotted fever of which 
the causative agent is Rickettsia rickettsi. Diseases associated with the 
larger viruses which have been controlled by chloramphenicol 
include virus pneumonia (atypical pneumonia), psittacosis, and 
lymphogranuloma venereum. 

Organisms against which chloramphenicol is ineffective include 
moulds and yeasts, yeast-like pathogens of the Monilia type, species of 
Clostridium , Mycobacterium tuberculosis , and some strains of Staphylo¬ 
coccus , Pseudomonas, and Escherichia coli. It appears to have no place in 
the treatment of syphilis, nor of the ailments such as common cold, 
influenza, and poliomyelitis, in which the smaller viruses are involved. 
One minor disadvantage of chloramphenicol is its bitter taste. The 
daily dose for an adult is about four grammes and it is sometimes not 
readily tolerated. A more serious objection is believed to be con¬ 
nected with the presence of the nitro group. Cases of aplastic anaemia 
(deficiency of red blood cells owing to degenerative changes in the 
bone marrow) have appeared as a result of prolonged administration of 
chloramphenicol. This condition can be fatal, and it is suggested in the 
British Medical Journal (1952, ii, 137) that treatment should always be 
over short periods, and that the only absolute and imperative indication 
for the use of chloramphenicol is in typhoid fever. 

The production of chloramphenicol is being carried out at the present 
time both biologically and synthetically. In both processes procedures 
which may be termed classical are employed. The plant used for 
biological production is designed to be adaptable for other antibiotics, 
and in the chemical process conventional pots, kettles, and reaction 
methods are used. 

In the biological process the master cultures of Streptomyces venezuelae 
are preserved on soil, and slope cultures are prepared from time to time. 
From these, suspensions in a soapy solution are made and are kept in 
refrigerators until required. This dispersed liquid inoculum is ready 
for instant use. As is usual, inocula are made in a stepwise fashion, 
first a fifty-gallon tank being inoculated, and growth allowed to go on 
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for twenty-four hours. The contents of this “pre-seed” tank are 
transferred aseptically by air pressure to the “seed” tank of five 
hundred gallons capacity, where growth goes on for a further twenty- 
four hours. Finally the five-thousand gallon “fermentor” is seeded by 
transferring the contents of the “seed” tank and the fermentation goes 
on for about seventy-six hours. 

The culture solutions contain readily available materials. The pro¬ 
tein source is wheat gluten according to one account; the main carbon 
source is glycerol; sodium carbonate and sodium chloride, means for 
adjusting the pH, and anti-foaming agents are also required. Growth 
conditions are aerobic and the temperature is maintained carefully at 
82°F (27-8°C). 

The isolation of chloramphenicol is rendered easier by its stability 
and the fact that little pH adjustment is needed. It is extracted on the 
countercurrent principle by amyl acetate, and the amyl acetate solution 
concentrated, washed with sulphuric acid, alkali, and finally water, and 
again evaporated. The crude crystals are recrystallized from water con¬ 
taining charcoal. Chloramphenicol is sufficiently stable for the hot 
water to be used at about 93 °C. 

The assay of the potency of biologically prepared chloramphenicol 
is carried out by a turbidimetric method. A standard curve of the 
turbidity produced by the cells of Shigella dysenteriae (Sonne) when 
grown in a solution of pure chloramphenicol producing 50 per cent 
inhibition, is compared with the response to the test solution. The 
chemical method depends on the reduction of the nitro group, 
followed by diazotization and coupling with N-(i-naphthyl) ethylene 
diamine. This method suffers from the disadvantage that it returns 
inactive nitro compounds as chloramphenicol. 

The chemical structure of chloramphenicol was elucidated by 

analysis and confirmed by synthesis (Controulis et al. t 1949; Long and 
Troutman, 1949). 

Chloromycetin” (chloramphenicol) is a stable neutral compound 
with a sharp melting point of 150-1°. It is soluble in many organic 
solvents but sparingly soluble in water. It can be sublimed in a high 

vacuum without decomposition. It is optically active; [a]“ =-f 19° 

in ethanol and - 25-5° in ethyl acetate. The molecular weight in 
camphor is 310, and it contains carbon, hydrogen, nitrogen, and non- 
lomc chlorine, but sulphur is absent. The empirical formula is 

CuH 12 C 1 2 N 2 0 6 . 

Its ultraviolet absorption spectrum indicated that it was a 
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nitrobenzene derivative, and that a grouping containing the chlorine 
atom was probably para to the nitro group. On catalytic reduction 
over platinum oxide catalyst the chlorine is present in the ionized 
form in the solution, and the base also present shows an ultraviolet 
absorption spectrum similar to that of p-toluidine. 

Chloramphenicol contains neither free amino groups nor carbonyl 
groups. An amino group is revealed on mild alkaline hydrolysis, 
however. It contains two acetylatable hydroxyl groups, and on 
hydrolysis with either acids or alkalis yields dichloroacetic acid, 
CHCl 2 COOH, and an optically active base. 

The optically active base has the empirical formula C 9 H 12 N 2 0 4 and 
on treatment with methyl dichloroacetate gives a dichloroacetamide 
identical with chloramphenicol. The base C 9 H 12 N 2 0 4 utilized two 
equivalents of periodic acid yielding one molecular equivalent each of 
ammonia, formaldehyde, and p-nitrobenzaldehyde. The remaining 
carbon atom is present as formic acid and the reactions suggest that a 
propyl group is present para to the nitro group, and bearing an amino 
group on the second carbon atom. 

The analytical data, together with a consideration of the properties 
of chloramphenicol and of the base suggested very strongly that 
chloramphenicol is a derivative of (L)-nor-p 5 endo-ephedrine, and if so 
that its most probable structure was (—)-D-r/ireo-2-dichloroacetamide- 
i-p-nitrophenylpropane-i : 3-diol— 

H NH.CO.CH.Cl 2 

OoN——C -C—CH 2 OH 

OH H 

Chloramphenicol (“Chloromycetin”) 

Not only was this structure confirmed by synthesis but one of the 
two syntheses have formed the basis for the purely synthetic produc¬ 
tion of the antibiotic. The stages employed in the commercial synthesis 
are as follows (Olive, 1949; Mohrhoff and Mogerman, 1949). 

p-Nitrobromoacetophenone is first converted into its hexameth¬ 
ylenetetramine salt in the presence of monochlorobenzene— 


O 



C—CHoBr (CH 2 ) 6 N 4 
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The salt is then hydrolysed in the cold with ethanol containing 
concentrated hydrochloric acid to yield p-nitro-a-aminoacetophenone. 
This is acetylated with acetic anhydride and sodium acetate and then 
subjected to hydroxymethylation using formaldehyde and sodium 
bicarbonate— 


OoN 
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C—CH 2 NH 2 
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A,0 
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p-nitro-oc-acetamido-^-hydroxypropiophenone 


This compound is then reduced at the carbonyl group with aluminium 
iiopropoxide to yield the corresponding hydroxy compound— 


O NH.CO.CH. 



OH NH.CO.CH3 


—C—CH.CHjjOH 



p-nitro-flt-acctamido-^-hydroxypropiophcnonc DL-/Areo-2-acclamidc-i-p-nitrophcnyIpropanc- 

1 :3-diol 


The product is hydrolysed to give the corresponding amino compound. 
The DL-mixture is then resolved using D-camphorsulphonic acid and the 
L-base reacted with methyl dichloroacetate to yield chloram¬ 
phenicol. See diagram on p. 120. 

The biological and the synthetic processes are being carried on side 
by side in the same plant, although in different buildings. It will be 
interesting to observe whether the chemical process, which with most 
people would start “favourite,” will in fact oust the biological process. 

Aureomycin 

Aureomycin (Broschard et al. t 1949) came into prominence at about 
the same time as chloramphenicol and for the same reason. It has a wide 
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(—)-D-t/ireo-2-dichloracetamide-i-i-p-nitrophcnylpropane-l : 3 -diol (chloramphenicol) 


anti-microbial range including the Rickettsia and larger viruses. It is 
effective against many bacteria over much the same range as chloram¬ 
phenicol. The two are to some extent competitive but present 
indications are that each will eventually find its own field related more 
perhaps to the site of infection and other factors, than to the sensitivity 
of the particular organism to either antibiotic. Aureomycin does not 
possess the same activity as chloramphenicol against human typhoid 
fever but on the other hand it may be even more effective against the 
viruses. Resistant organisms do not readily develop and like 
chloramphenicol, aureomycin possesses low toxicity. Similarly it is 
well tolerated by the patient and is readily absorbed from the gastro¬ 
intestinal tract. 

Aureomycin is produced by a strain of Streptomyces aureofacietis. Its 
isolation according to a recent patent (Pidacks and Starbird, I 95 2 ) I s 
said to follow the stages: (tf) adsorption on to activated charcoal or 
magnesium silicate; ( b ) washing the chromatogram with an acidified 
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organic solvent such as methanol or acetone; (c) selection of the fraction 
which appears to be yellow under ultraviolet hght; and (d) recovery 
ofaureomycin by extraction with butanol precipitation with dry ether, 
re-solution in dilute hydrochloric acid, and freezing to remove water. 
The salt is readily soluble in water, decomposing above 210° and 
having [a]p = — 240°. The free base has a golden colour, melts at 
i68°-i69°C, and has [a]^ = — 275° in methanol. It is soluble in 
dioxan, slighdy soluble in water (o-5-o-6 mg/c.c.), ethanol, acetone 
and benzene, and insoluble in ether. 

Aureomycin is one of the chlorine-containing antibiotics, its 
empirical formula being C 2 2 H 23 N 2 0 8 Cl. Its structure is as follows 
(Stephens et al., 1952)— 


HO O OH O 



HO O HO O 



The basic structure has been named “tetracycline” and is also found in 
the closely related, but chlorine-free, terramycin. 


Terrai 


lycin 


Terramycin, 022^^24091^2.2^0, is the most recent of the widely 
used antibiotics. It was first described in 1950 by Finlay, Kane, and co¬ 
workers. It was isolated from the culture filtrate of Streptomyces 
9—(T.5X0) 
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rimosus, and is a crystalline nitrogen-containing substance which forms 
a hydrochloride but does not contain chlorine or sulphur. It is more 
stable than aureomycin (Regna et al y 1951) and possesses the same wide 
antibacterial range of activity. It is readily assimilated and well 
tolerated. One infection which has proved especially susceptible to 
terramycin therapy is trachoma (Davenport, 1952). Trachoma is one 
of man’s oldest ailments involving inflammation and scarring of the 
conjunctiva and cornea. It is associated with a virus agent which has 
been designated Chlomydozoon trachomatis , and the disease is extra¬ 
ordinarily prevalent in certain areas of the world. For example about 
30 per cent of China’s population is said to suffer from this complaint, 
one which may well end in premature blindness. It has been shown that 
terramycin ointment can cure the disease completely in about three 
weeks. 

Terramycin has been shown by Hochstein et at. (1952) to possess the 
following structure— 

HO O HO O 


2 H a O 

OH 

X CH 3 

Terramycin 

The five antibiotics, penicillin, streptomycin, chloramphenicol, 
aureomycin, and terramycin, are those which are at present clinically 
important. A large number of antibacterial substances have been 
isolated and it is obviously impossible to deal with any except a pro¬ 
portion of them in a book of this size and scope. Some can adequately 
be dealt with in other parts of this book by virtue of their chemical or 
other relationships with substances or subjects covered elsewhere. 
Some, however, will be chosen for further notice here. 

Amongst the most interesting are a group of antibiotics, mainly 
produced by members of the genus Bacillus which are of a polypeptide 
nature. The first of these was obtained by Dubos from Bacillus brevis. 
The substance was shown to be a mixture, of which one of the con¬ 
stituents is gramicidin and the other tyrocidine. The mixture, 
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originally known as “gramicidin” is now designated tyrothricin. An 
outline of the separation of the two substances is as follows— 

Bacillus brevis 


4-day-old peptone culture grown at 30°-4O o C 


bring to pH 4*8 


Precipitate 


extract with neutral buffer 


Water-soluble portion —*■ discard 
Water-insoluble portion 


extract with ethanol 


Ethanol extract 


treat with saline 


Tyrothricin 

precipitate 


treat with 50 : $0 
acetone-ether 


4 - 

Soluble material 


recrystallize from 
acetone 


Gramicidin 

10-20 per cent of original 
tyrothricin 


4 

Insoluble material 

recrystallize from 
ethanol containing 
^ hydrogen chloride 

Tyroodinb Hydro chloridb 

40-<So per cent of original 
tyrothricin 


Unlike penicillin both antibiotics are insoluble in most solvents. 
They are somewhat more soluble in ethanol and stable emulsions are 
formed in water. Tyrocidine is, in effect, a cationic detergent, and 
stabilizes emulsion of gramicidin. For this reason the mixed anti¬ 
biotics are frequently used. They are unfortunately toxic, and although 
tyrothricin was the first American antibiotic to be used in medicine, 
it has never had a wide popularity. Gramicidin is the more active of 
the components of tyrothricin, being active against Streptococcal and 
Staphylococcal infections and Diplococcus pneumoniae but not the 
tubercle bacillus or Gram-negative organisms. Tyrocidine has a more 
general but weaker action, including activity against some Gram¬ 
negative bacteria. It is a powerfully active surface agent, haemolysing 
blood and precipitating proteins from aqueous solution. 
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The chemical structures of the two antibiotics are different. 

Hydrolysis of gramicidin gives a hydrolysate in which almost ali 

the carbon and nitrogen is accounted for by ethanolamine, 

HOCH 2 CH 2 NH 2 , and the following six amino-acids (James and 
Synge, 1951)— 

alanine, CH 3 .CH(NH 2 ).COOH; 

D- and L-valine, (CH 3 ) 2 CH.CH(NH 2 ),COOH; 
d- and L-leucine, (CH 3 ) 2 CH.CH 2 .CH(NH 2 ).COOH; 
phenylalanine, C 6 H 5 .CH 2 .CH(NH 2 ).COOH; 
tyrosine, p-OH.C 6 H 4 .CH 2 .CH(NH 2 ).COOH; and 

d- and L-tryptophan— 

-|-CH 2 .CH(NH 2 ).COOH 

nh/ 

The molecular weight of gramicidin is about 3,000. The intact 
molecule possesses neither free carboxyl nor free amino groups. It 
possesses free hydroxyl groups but these are not associated with the 
ethanolamine fragment. The structure of gramicidin is puzzling 
(Abraham and Newton, 1950) because the component amino-acids are 
all monoamino monocarboxylic acids and yet both the acidic and 
basic properties are completely masked. Recent work has complicated 
the situation still more because it is now clear that “purified” crystal¬ 
line gramicidin consists of four distinct components (Gregory and 
Craig, 1948). 

Tyrocidine is also complex (Synge et al., 1947, 1949) and contains 
basic groups and a weakly acidic grouping. Its hydrolysate contains 
some of the amino-acids found in that of gramicidin, namely L-leucine, 
L-valine, D-phenylalanine, L-tyrosine, and L-tryptophan, and in 
addition the following amino-acids— 

L-glutamic acid, HOOC.CH 2 .CH 2 .CH(NH 2 )COOH; 

L-aspartic acid, HOOC.CH 2 .CH 2 .CH{NH^COOH; 

L-omithine, H 2 N.CH 2 .CH 2 .CH 2 .CH(NH 2 )COOH; and 

CH 2 

I 

h 2 c ch.cooh 

\ / 

NH 

and the ethanolamine found in the hydrolysate of gramicidin is 
replaced by ammonia in that of tyrocidine. 
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Another polypeptide antibiotic which appears to be closely related 
to tyrocidine is the Russian material gramicidin S. Gramicidin S is 
produced by a strain of Bacillus , again a soil organism. It is active 
against Gram-negative organisms such as Eberthella typhosa y Shigella 
dysenteriae , Vibrio comma , and Proteus vulgaris. It is a surface-active 
agent and possesses free amino groups but no free carboxyl group. 

Gramicidin S (Gause et al . 9 1944) has a much smaller molecular 
weight than tyrocidine, and in fact its molecular structure may be 
incorporated into that of the larger molecule. The elucidation of its 
structure has progressed further than that of any other of the poly¬ 
peptide antibiotics. It has been shown to be based upon a cyclic 
decapeptide, the full structure of which is as shown in the following 
illustration (Synge, 1952). 

H S C—CH—CH 3 CH* 

I / \ 

CH2 ch 2 CH* 

I I I 

NH—CH - CO - NH - CH - CO - N-CH 


I 


CO 

I 

ch.ch 2 .ch 2 .ch,.nh„ 

I 

NH 

I 

CO CH, 

I I 

CH—CH 

I I 

NH CH, 

i 

CO 



CH-N-CO CH NH 

I I 

CH, CH, 

\ / 

CH, 


CO 

I 

CH, NH 

I I 

CH—CH 

I I 

CH, CO 

I 

NH 

I 

H,N.H,C.H,C.H,C.CH 

I 

CO 

I 

-CO-CH-NH 



H,C—CH—CH, 


Gramicidin S: A Cyclic Dbcapeptidb 


The finding, in the case of gramicidin, that it consists of four 
distinct entities is typical of this group of polypeptide antibiotics. It is 
strikingly shown in the case of the mixture originally isolated from 
strains of Bacillus aerosporus under the name “aerosporin” and 
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simultaneously from Bacillus polytnyxa under the name of “poly¬ 
myxin.” In fact the complexes were as identical as mixtures can be, 
and they are now designated polymyxin A, B, C, D, and E (Abraham 
and Newton, 1950). Polymyxin A is probably identical with the 
major component of aerosporin. It has been suggested that each 
strain of Bacillus polytnyxa produces only one of the polymyxins. 

The polymyxins are similar to each other in their antibacterial 
activity (Ainsworth et al ., 1949). They are active especially against 
Gram-negative organisms. In vivo activity is shown against Haemo¬ 
philus pertussis , Haemophilus influenzae , Eberthella typhosa , and 
Escherichia coli. In vitro activity is shown against Salmonella species, 
Pseudomonas aeruginosa , Shigella dysenteriae , Shigella paradysenteriae , and 
Shigella sonnei. The polymyxins are toxic and have not yet received 
any widespread clinical attention, but they have considerable bio¬ 
logical and chemical interest. 

According to one account (Ainsworth and Pope, 1951) selected 
strains of Bacillus aerosporus and Bacillus polytnyxa are cultivated on a 
nutrient broth, adjusted to pH 7*4, and maintained under good 
aeration at 22 0 -28° for 20-24 hr. The bacteria are separated by centri- 
fuging, and chloroform is added as a preservative. The pH is adjusted 
to 2*0-2* 5, and the solution is decolorized with charcoal. The solution 
is neutralized to pH 6-8 and the product is adsorbed on charcoal. The 
polymyxin is eluted with an aqueous solution containing 40 per cent 
acetone and maintained at pH 2*5 by sulphuric acid. The solution is 
cooled to 4°C and held at this temperature for 16 hr. The solids are 
collected and extracted with water. The aqueous extract is dried in 
vacuo and furnishes crude polymyxin sulphate. 

The chemical nature of the polmyxins is not yet clear. On acid 
hydrolysis they yield the following amino-acids— 

threonine, CH 3 .CH(OH).CH(NH 2 ).COOH; 
a, p-diaminobutyric acid, H 2 N.CH 2 .CH 2 .CH(NH 2 ).COOH; 
leucine; phenylalanine; 
serine, HO.CH 2 .CH(NH 2 ).COOH; and 
(+)-6-methyloctanoic acid, 

CH 3 .CH 2 .CH(CH 3 ).CH 2 .CH 2 .CH 2 .CH 2 .CH 2 .COOH. 

Other polypeptide antibiotics are produced by strains of Bacillus 
subtilis and Bacillus lichenifortnis. The two best known are bacitracin 
(Johnson et al. , 1945) and hcheniformin (Callow and Hart, 1946). Both 
are active against a variety of organisms but both are unfortunately 
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too toxic for general use. They are both complex, each consisting of 
three components designated A, B, and C. Licheniformin appears to 
possess a cyclic structure. Hydrolysis of licheniformin A and B yields 
a number of amino-acids previously encountered amongst the hydroly¬ 
sis products of the other polypeptide antibiotics, namely, proline, 
valine, phenylalanine, aspartic acid, serine, and in the case of licheni- 
formin C, glutamic acid also. The acids not so far mentioned, found 
in the hydrolysate are— 

glycine, CH 2 (NH 2 ).COOH; 

lysine, NH2.CH 2 CH 2 .CH 2 .CH 2 .CH(NH 2 ).COOH; and 

arginine, HN: C(NH 2 ).NH.CH 2 .CH 2 .CH 2 .CH(NH 2 ).COOH. 

The interesting feature in the chemistry of the polypeptide antibiotics 
is the frequent occurrence of amino-acids with the d- or “unnatural” 
configuration, and unusual acids such as diaminobutyric acid and 
methyloctanoic acid. Although these antibiotics are unlikely to find a 
wide clinical application their interest as natural products is considerable. 

The last antibiotic to be considered here is citrinin, a yellow mould 
product whose structure is based on the resorcinol nucleus mentioned 
again in Chap. VIII. 

Citrinin, QgH^Os, appears to be a common metabolic product of 
the lower fungi. It was first obtained by Hetherington and Raistrick 
in 1931 from the widely distributed species Petiicillium citrinum , later 
from the even commoner Penicilliutn expansum (Oxford, 1945), and 
later from Penicillium implicatum (Smith, 1949). It has also been 
obtained (Gore et al. y 1946) in good yield from Aspergillus terreus , 
species in the Aspergillus candidus group, and no doubt from other 
species not reported in the literature. It is a beautifully crystalline 
substance forming long, yellow needles from ethanol and is a strong 
enough acid to give a sodium salt whose solution in water is stable at 
pH 7*o to 7-2. 

The moulds producing it grow well on simple synthetic media and 
isolation of the product is accomplished simply by acidifying the 
metabolism solution with hydrochloric acid and filtering and drying 
the micro-crystalline precipitate. It is readily re-crystallized from 
ethanol yielding a laevorotatory product, melting point 179°, 
Mi = “ 34*5° in ethanol (Raistrick and Smith, 1941). 

Citrinin is selectively active against Gram-positive organisms 
(Oxford, 1942). It has not the same potency as penicillin but it is far 
more stable and it has had clinical trials as a wound dressing. Citrinin 
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is an interesting substance both biologically and chemically; biologic¬ 
ally for the above reasons, and also because of its structural relationship 
with certain other mould metabolic products; and chemically because 
its structure has been settled only within recent years, some two 
decades after its first isolation. 

The facts upon which the structure of citrinin depends are as follows. 
Its empirical formula is C 13 H 14 0 5 , it is optically active, and it contains 
one hydroxyl, one carboxyl but no methoxyl or reactive carbonyl 
groups. It is readily reduced to a dihydro citrinin, C 13 H 16 0 5 , forming 
small colourless prisms, melting at 171 0 , from benzene-acetone. 
Dihydrocitrinin is optically active, [a]}? = + 18-3° in chloroform, and 
forms a stable diacetate, and a stable methyl ester. This methyl 
ester may be further methylated to give a dimethyl ether. This 
fully methylated product may then be saponified to give the acid 
Ci 3 H 14 0 3 ( 0 CH 3 ) 2 melting at 124 0 . Citrinin is thus a carboxylic acid, 
(Coyne et al . 9 1931; Robertson et al. y 1949, 1950), a conclusion which 
is supported by the preparation of a methyl ester of citrinin itself, 
giving colourless prisms melting at 138°, and having [a]™ = + 96-9° 
in chloroform. 

Citrinin gives a brown ferric chloride colour reaction, its methyl 
ester gives an olive-green coloration, and dihydrocitrinin gives an 
intense Prussian blue coloration both with aqueous and with alcoholic 
ferric chloride. This suggests that in dihydrocitrinin the carboxyl 
group is ortho to a hydroxyl group. 

The trimethyl derivative of dihydrocitrinin is oxidized by 
chromic acid in acetic acid to a substance described by Robertson 
et al. as methyl-O-dimethyldihydrocitrinone, C 13 H n 0 3 ( 0 CH 3 ) 3 . In 
forming this product, a methylene group (CH 2 ) is oxidized to a 
carbonyl group, (CO). This product forms large needles from light 
petroleum and melts at 104°. It can be saponified to the free acid, 
Ci 3 H 12 0 4 ( 0 CH 3 ) 2 , which forms colourless plates from benzene, 
melting at 233°-234° (dec.), and having [a]™ = + I 4 i' 9 °- Although 
these citrinone derivatives contain a carbonyl group, this group does 
not react as an aldehyde or ketone. It will be shown in what follows 
that the carbonyl group is part of a lactone ring. 

Both dihydrocitrinin and the above-mentioned derivatives of 
dihydrocitrinone were readily decarboxylated, and in the latter 
demethylation accompanied decarboxylation. Decarboxydihydro- 
citrinin, C 12 H 16 0 3 , is a yellowish glass, but decarboxydihydro- 
citrinone, C 12 H 14 Q 4 , is a crystalline product. It forms colourless 
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prisms from benzene-acetone, melting at 210°. Decarboxydihydro- 
citrinin gives a pale blue colour with aqueous ferric chloride but no 
colour with the alcoholic reagent. On the other hand decarboxydi- 
hydrocitrinone gives a violet colour with both reagents. The dimethyl 
ether of decarboxydihydrocitrinone behaved as a typical acid lactone. 
The above colour reaction indicates that the carbonyl group of this 
lactone, and hence the methylene group in dihydrocitrinin, is in the 
ortho position to a hydroxyl group. 

Two important degradation products of citrinin and its derivatives 
were vital in establishing the structure. On treating citrinin with hot 
dilute acid or alkali, or on treating decarboxydihydrocitrinone with 
hot alkali, a laevorotatory phenol was obtained referred to as phenol 
(A), CnH 16 0 3 , sometimes accompanied by an optically inactive 
isomeride referred to as phenol (B). Further, when dihydrocitrinin 
was heated with hydriodic acid and red phosphorus it yielded a 
dihydric phenol, C 12 H 18 0 2 , which was shown by direct comparison 
with a synthetic specimen to be 2-(3 : 5-dihydroxy-2 : 6-dimethyl- 
phenyl)butane. Similarly phenol (A) was shown by direct synthesis 
to be the laevorotatory form of 3-(4 : 6-dihydroxy-o-tolyl)-butan-2-ol. 

OH OH 




2-(3 : 5-Dihydroxy-2 : 6- Phenol (A) : laevo-3-(4 : 6- 

DIMETHY LF HENYL) B UTANB DIHYDROXY-0-TOLYL)bUTAN-2-OL 


From these facts a rational formula for citrinin was deduced as 
follows— 

Decarboxydihydrocitrinone is an acid lactone and it yields phenol 
(A) on alkaline hydrolysis by loss of carbon dioxide. The carbonyl 

HO 

I CO 

AA 

o 
I 

ch.ch 3 

H(^\ /N CH.CH 3 

ch 3 

Decarboxydihydrocitrinone 
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group in the lactone ring is ortho to a hydroxyl group, so that its 
structure may be expressed as shown at foot of previous page. 

The carboxyl group found in dihydrocitrinone may be inserted into 
the vacant position in the benzene ring to yield dihydrocitrinone, and 
this also allows the formula of dihydrocitrinin to be written, by 
replacing the carbonyl group by a methylene group, thus allowing 
for the intense blue ferric reaction of dihydrocitrinin. 


OH 



Dihydrocitrinone 


OH 



From this structure of dihydrocitrinin, the quinone-like substance 
citrinin may be produced by abstracting two hydrogen atoms, when 
the structure of citrinin becomes— 


OH 

HOOC I CH 

\A/\ 

o 


CH.CH 3 

y\/\/ 

O I CH.CH 3 

ch 3 


Citrinin 


This structure accounts for all the observed facts about citrinin and 
its derivatives. It was confirmed by complete synthesis from o-toluic 
acid in the following stages. 

The first step was the synthesis of phenol (B). This was prepared 
from 0-toluic acid by converting it to the 3 : 5-disulphonic acid and 
fusing this with potassium hydroxide to yield 3 : 5-dihydroxy-2- 
methylbenzoic acid, and this was methylated and saponified to yield 
3 : 5-dimethoxy-2-methylbenzoic acid— 
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COOH 


(a) sulphonation 
-> 


( b ) KOH fusion 


HO OH H s CO OCH, 



o-toluic add 


3 : 5-dihydroxy- 
2-111 ethyl boizoic add 


3 :s-dimethoxy-2- 
methylbenzoic add 


This acid was next converted to the acid chloride and treated with 
diazomethane to yield the diazoketone— 

H,CO OCH, H 3 CO OCH 3 h 3 co och 3 



3 : s-dimethoxy-2- 3 : s-dimcthoxy-2- the diazoketone 

methylbenzoic add mcthylbenzoyl chloride 


The diazoketone was subjected to a Wolff rearrangement to give 
the corresponding amide and this was dehydrated to the cyanid 


HjCO 


OCH3 H3CO 



3 :5-dimethoxy-2-methyl- 
®-diazoacctophenone 



OCH s H3CO 


OCH3 


POCI, 
-► 


CH, 

CHjCONHa 

3 : S-dimethoxy-z- 
methylphenylacetamide 



3 :5-dimethoxy-2- 
raethylbcnzyl cyanide 


The cyanide was carbomethylated by converting it into its sodio 
derivative using sodamide, and reacting this with methyl iodide. The 
cyano group was then hydrolysed to give the add amide— 



OCH* 



CH 3 

a-< 4 :6-dimethoxy-o- 
tolyljpropionamide 
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This amide was then converted into the aldehyde using Stephen’s 

method and the aldehyde treated with Grignard’s reagent to give the 
alcohol— 


HoCO 


OCH 



CH(CH 3 )CONH 2 

a-(4 : 6-dimethoxy-o-tolyl) 
propionamidc 


H 3 CO OCH 3 

CH.Mgl 

-—> 

Hydrolysis 

I ch 3 

CH(CH 3 )CHO 

a-(4 : 6-dimethoxy-o- 
tolyl)propionaldchydc 



h 3 co och 3 



CH(CH 3 )CHOH.CH 3 


3 -(4 : 6 -dimethoxy-o- 
tolyl)butan-2-ol 


Since this secondary alcohol contains two centres of asymmetry, the 
product was a mixture of all the racemic forms. It was therefore 
converted into the mixed p-nitrobenzoates and fractionated by re¬ 
crystallization from acetic acid and ethanol. This procedure afforded 
the p-nitrobenzoate of the dimethyl ether of phenol (B). A further 
resolution was obtained by hydrolysing this racemate and converting 
it to the hydrogen phthalate. Repeated fractional crystallization gave 
the hydrogen phthalate of the dimethyl ether of phenol (A). These 
derivatives of phenols (A) and (B) were identical in all respects with 
those derived from the natural products. Finally demethylation of 
phenol (A) was accompanied by racemization and this gave phenol (B) 
identical with the breakdown product from citrinin. Attempts to 
resolve phenol (B) were unsuccessful and it was therefore used as the 
starting material for the last stages of the synthesis, concluding with 
the resolution of (±)-citrinin. 

These last steps of the synthesis were carried out as follows. Phenol 
(B) was carboxylated using glycerol and potassium hydrogen carbonate 
heated in a stream of carbon dioxide, and the product was then con¬ 
verted into the formyl derivative using the Gattermann procedure 
as follows— 
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HO OH 




CH S CH S CH 3 CH 3 

phenol (B) 3 -( 4 ' 6-dihydroxy-5-carboxy-o-tolyl)butan-X>l 


OH 



formyl derivative 


The formyl derivative was an oily product which was not isolated. It 
can react in the hydroxymethylene form, dehydration of which, by a 
brief treatment with concentrated sulphuric acid, followed by pouring 
on to ice gave (±)-citrinin— 


HOOC 


HO 


OH 



CHO 


OH 

\ I 

CH—CH 

ch 3 I I 

ch 3 ch 3 

formyl derivative 
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HOOC I CH.OH 
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OH 

I H,SO« 
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The (i)-citrinin was resolved by forming the brucine salt and re¬ 
peatedly re-crystallizing it from methanol. The (—)-citrinin so 
obtained was identical with the natural product. (-f-)-Citrinin was 
also obtained, identical with (—)-citrinin in its chemical behaviour. 

Methylcitrinin was synthesized by an exactly similar procedure. 
Dihydrocitrinin was synthesized by treating the methyl ester of phenol 
(A) with formaldehyde in the presence of sodium hydroxide. Hydro¬ 
lysis of the ester group, and cyclization took place simultaneously— 



methyl ester of phenol (A) 



intermediate product 


OH 



dihydrodtrinin 


The synthetic methylcitrinin, dihydrocitrinin, dihydrocitrinin dimethyl 
ether and diacetate, were all identical with the corresponding natural 

products. 
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CHAPTER VII 


PIGMENTS AND COLOURING AGENTS 


Micro-organisms are fruitful sources of pigments. Those derived 
from bacteria usually contain nitrogen, yeast pigments are usually of a 
carotenoid nature, and mould pigments characteristically range over 
several types of organic compounds but especially in the quinone 
series. 

The first group of pigments to be discussed here are those produced 
by three bacterial species Pseudomonas aeruginosa , Pseudomonas chloro- 
raphis t and Chromobacterium iodinum. These bacteria are all short, 
motile, non-sporing rods producing heavily pigmented culture 
solutions. Pseudomonas aeruginosa is associated with “blue pus” in¬ 
fections in wounds, the others are harmless saprophytes. Their pig¬ 
ments are of interest pardy because they are antibiotics and thus form 
a link with the previous chapters. 

Young peptone cultures of Pseudomonas aeruginosa contain a 
chloroform-soluble green or greenish-blue pigment, pyocyanine 
(Ci 3 H 10 ON 2 ) which has been shown to be a derivative of phenazine. 

O O 

or 

I I 

CH 3 ch 3 

Pyocyaninb Internal "Phbnazonium” Salt* 

* See Hillemann, 1938 




The structure of pyocyanine depends upon that of i-hydroxy- 
phenazine, discussed later in this section. Pyocyanine yields this 
product (with methyl iodide) on demethylation with hydriodic acid. 
I-Hydroxyphenazine is also formed when pyocyanine is oxidized with 
hydrogen peroxide, or in air in alkaline solutions. In the former case, 
formic add is the other product. Leucopyocyanine, a dihydrocom¬ 
pound, is readily formed on reduction. The synthesis of pyocyanine 

IO—(T.510) n7 
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is readily accomplished in almost quantitative yield by treating 
i-hydroxyphenazine with dimethyl sulphate— 


CH 



\/\ 


Me,SO. 




N 


\/\ 


CH 


N- 




HO 


i-hydroxyphenazine 


pyocyanine 


-- TYj 

\a n A/ 


HO 

i -hydroxy-N-mcthyl- 
dihydrophenazinc flcuco- 
pyocyaninc) 


The synthesis just mentioned did not, unfortunately, estabhsh 
pyocyanine’s structure because Wrede and Strack (1929) assigned a 
doubled structure to it— 

CH 3 





N 


/ 





o 


/ N \/ 





CH 3 

Wrede and Strack’s Double Formula, CteHjoOjN,, for Pyocyanine 


This formulation appeared to be supported by molecular weight 
determinations based on the freezing points of acetic acid solutions. 
Modem views of valency do not allow for the existence of a com¬ 
pound such as Wrede and Strack’s, however, and all the reactions of 
pyocyanine are more simply explained on a monomeric basis. This is 
an example of the misleading results which can be obtained by freezing- 
point molecular weight determinations. 

Great interest attaches to pyocyanine because it was one of the first 
substances for which it was proved that the semiquinone form had an 
independent existence. Reduction of pyocyanine is a two-electron 
process (Michaehs, 1935) proceeding one step at a time. This was 
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clearly shown by potentiometric titration. The first step is the transfer 
of the electron from the hydrogen atom to the quinom 

O 




o 



1/ 


+ «(H) 




0 (h) 

AnA/ 



CH, 

pyocyanine (semiquinone) 


Q.H 


scmiqi 

iiN.O 


In this formulation the electron cannot be regarded as associated 
either with the nitrogen or the oxygen atom. The accompanying 
proton may be regarded as loosely associated by electrostatic forces. 
It will be observed that the empirical formula of the semiquinone 
conflicts with the usual even-number rule (by which the sum of “odd- 
valency” atoms must be an even number). In fact semiquinones arc 
unusually stable free radicals. Potentiometric titration shows that 
even at a slightly alkaline pH some 10 per cent of the semiquinone form 
may be present in solution. 

The process with its accompanying colour changes is clearly 

observable when the leuco compound is oxidized. At a pH lying 

between 7 and 8 the following colour changes are observed in aqueous 
solutions— 



If the same oxidation is carried out at pH 11 the semiquinone form 
does not arise and on oxidation the colourless solution becomes blue 
at once and on further oxidation merely deepens in tint. The range of 
existence of semiquinones depends on their dissociation as adds or 

bases and hence on pH. At the relatively high pH of 11 the semiquinone 

form cannot exist since pyocyanine dissoriates as a cation. 
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Reference was made above to a degradation product of pyocyanine, 
namely i-hydroxyphenazine. This substance is also a metabolic 
product, but of older cultures o ( Pseudomonas pyocyaneus (Ps. aeruginosa). 
It is a yellow pigment, C 12 H 8 ON 2 , and has been synthesized by 

condensation of o-phenylenediamine and pyrogallol monomethyl 
ether— 


OCH 



NH 


NH 



H 


N 


OCH. 


✓\/^\/\ 




+ 2H..O 


/\S 


pyrogallol mono- 
methyl ether 


H 


o-phenylencdiaminc methyl ether dihydro-i-mcthoxyphenazine 

i-Hydroxyphenazine was obtained on demethylation and oxidation 
It can also be formulated as a-oxyphenazine— 

OH O 

I 

N 







/\/ 


H 

i-hydroxyphenazine (hcmipyocyaninc) a-oxyphenazine 

The oxidation-reduction system involving hemipyocyaninc has been 
studied (Michaelis, 1935; Elema, 1933) in the same way as that of 
pyocyanine and with similar results. The quinone form is lemon- 
yellow between pH 1 and pH 11. Below pH 1 it is red, and above 
pH 11 it is cherry-red. The semiquinone form is green, and the leuco 

/ f ° 

O 


/\/ 







(H) 



H 


c uco hem ip y oc y an inc 
Q.HlON, 


colourless 


H 

s>emi-quinonc form of hemi. 
pyocyanine 

CuH.ON, 

£ reen 


H 

quinone form of hemi- 
pyocyanine 
CiiHiON, 

yellow or red 
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compound is colourless or at most very faintly yellow. At pH 3*2 
about 33 per cent of the substance can exist as a semiquin one. 

Both pyocyanine and hemipyocyanine are antibiotics but whereas 
pyocyanine inhibits both Gram-positive and Gram-negative bacteria, 
hemipyocyanine is far less active against bacteria but has more activity 
against moulds and yeasts. In so far as pyocyanine was obtained as 
long ago as i860 in a crystalline condition it may be claimed to be the 
first of the antibiotics. In the struggle for survival Pseudomonas 
aeruginosa would appear to be well equipped. The pigments function 
as respiratory enzymes since they can convert oxyhaemoglobin and 
haemoglobin into methaemoglobin, and pyocyanine markedly 
accelerates the respiration of certain bacteria. 

Another species of Pseudomonas (Ps. chlororaphis ) produces a yellow 
pigment xanthoraphine or oxychlororaphine, the structure of which 
was established by Kogl and Postowsky in 1930 as phenazine-i- 
carbonamide. A green pigment, chlororaphine, which sometimes 
separates in crystalline form from the culture solution has been proved 
to be the corresponding semiquinone. 

Oxychlororaphine, C^HgONg, m.p. 241 on alkaline hydrolysis, 

gave ammonia and phenazine-i-carboxylic acid. On reduction both 

oxychlororaphine and chlororaphine gave the organge^yellow 

dihydrophenazine-i-carboxylic amide. The proof of the structure 

followed its synthesis from nitrobenzene and anthranilic acid. The 

following scheme embraces the above facts and the synthesis referred 
to— 


COOH 



COOH 


006 
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Until the work on semiquinones had clarified the situation the 
structure of chlororaphine was obscure unless a doubled formula were 
resorted to. When dihydrophenazine-i-carboxylic amide is dissolved 
in glacial acetic acid and added to an acetic acid solution of oxychloro- 
raphine there is no apparent change. However, on the addition of 
water there is an almost immediate formation of green crystals of 
chlororaphine. The empirical formula of these relatively stable 
crystals (m.p. 225°-230°, dec.) is C 13 H 10 OH 3 , again conflicting with 
the even-number rule. The meriquinonoid doubled formula has 
become unnecessary, however, following proof of the semiquinonoid 
nature of chlororaphine. The relation between two pigments may be 
expressed most simply by the formulae given above. 

Chlororaphine is a particularly striking example of the stability of 
some semiquinones. Unlike quinhydrone, for example, which cannot 
exist in solution, chlororaphine has a range of existence in solution at 
the correct pH, and is also a stable crystalline product. 

The last of the phenazine pigments to be noted here is iodinin, 
C 12 H 8 0 4 No, a permanganate-coloured crystalline product with anti¬ 
bacterial properties obtained from Chromobacterium iodinum. Iodinin 
is insoluble in water but gives an intensely blue solution in alkalis. It 
was shown by Clemo and Mcllwain (1938) to be the di-N-oxide of a 
dihydroxyphenazine, since on reduction it gave a dihydroxy dihydro- 
phenazine which was easily oxidized to a dihydroxyphenazine. The 
structure of this dihydroxyphenazine was established as the 1 : 5- 
compound by the synthesis of its dimethyl derivative from 3-nitro- 
2-aminoanisole and 3-bromo-2-nitroanisole (Clemo and Dagliesh, 

1950)— 



3-nitro-2- 3-bromo-2- 2 : 2 '-dimtro- 3:6 - 

aminoanisole nitroanisole dimethoxydiphenyUmine 


The diphenylamine derivative was reduced and the diamino com¬ 
pound cyclicized under mildly oxidizing conditions to give i . 5 ~ 
dimethoxyphenazine, identical with the compound obtained from the 

natural product. 
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och 3 



och 3 


NO, OoN 



Reduction 


OCH s 




NH, H,N 


OCH s 


oxidation and ring closure 



lodinin 


1: 5 -dimethoxyphenazine 


This synthesis and other facts established the structure of iodinin as 
the di-iV-oxide of 1 : s-dihydroxyphenazine. 

The red pigment, prodigiosin, CjoH^ONj, obtained from Senatia 
marcescens (Bacillus prodigiosus) possesses a structure which appears to 
be based on the pyrrole nucleus. It forms a zinc complex salt, 
(C 2 »H 24 ON 3 )Zn, and a perchlorate, C 20 H 25 ON 3 .HCIO 4 , which 
readily crystallizes. Prodigiosin contains one methoxyl group and 
two active hydrogen atoms. On distillation with soda lime it yields 
2-methyl-3-n-amylpyrrole, C^H^N (I)— 


CH,(CHj) 4 .- 

S\) 

H S C NH 

0 ) 


H s CO.C=CH 

I I 

CO CO 

\/ 

NH 

(n) 


Oxidation with hydrogen peroxide gives methoxymaleinimide (H), 
and on complete reduction prodigiosin takes up fourteen hydrogen 
atoms. On oxidation of this reduced product with potassium per¬ 
manganate, the following breakdown products are obtained: methyl- 
amyl pyrrolidine (corresponding to the pyrrole derivative above), 
pyrrohdme-i-carboxylic add, oxamic add, and sucdnic add. 
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H 2 C-CHo 

HOOC.CH CH 2 

\/ 

NH 

Pyrroudine-i-carboxylic acid 

The production of succinic acid above, and also that of maleinimide 
(with the methoxy compound) when prodigiosin is oxidized with 
chromic acid shows that an unsubstituted pyrrole nucleus is present. 
Wrede and Rothhaas (1934) proposed the following tripyrryl methene 
formula for the pigment— 

H 3 CO 

CH 3 .CH 2 .CH 2 .CH 2 .CH 2 —n-r. \ 



NH 

A Suggested Formula for Prodigiosin 

This structure has yet to be confirmed by synthesis. 

Three bacterial pigments or groups of pigments will now be 
discussed although none of them has yet an assigned structure and the 
last has yet to be obtained in a pure state. The three substances are: 
violacein, obtained from Chromobacter violaceum ; the actinomycins 
obtained from several strains of Actinomycetes (Streptomycetes); and 
a blue pigment obtained from Streptomyces coelicolor. 

Violacein is an intensely violet phenolic pigment for which the most 
probable empirical formula appears to be C 42 H 28 0 7 N 6 . It is a crystal¬ 
line product (Beer et al. y 1949) which forms a crystalline mono-acetate, 
and crystalline addition compounds with organic bases such as aniline 
and pyridine. One of the pyrolysis products is oxindole, and chromic 
acid oxidation of the acetate yields amongst other unidentified 
degradation products, the N-acetate of anthranihc acid. 

COOH 



Oxindole Anthranhjc Acid 
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In view of the importance of both of these substances in the 
chemistry of indigo (a plant product) their isolation from violacein (a 
bacterial product) is of some interest. 

The actinomycins recall the bacterial antibiotics such as the poly¬ 
myxins, in being a group of very closely related substances (Johnson 
et ah, 1952). Actinomycin was first obtained from Actinomyces anti - 
bioticus by Waksman and Tishler (1942). Actinomycin B was originally 
obtained from an unidentified Actinomycete and designated “Anti¬ 
biotic X 45.” It is probably identical with actinomycin A (Lehr and 
Berger, 1949). Actinomycin C, together with two other actinomycins, 
was isolated by Brockmann and co-workers (1949, 1951) from strains 
of Streptomyces chrysomallus. An actinomycin isolated by Sarlet (1950) 
from Streptomyces S67 appears to differ from actinomycin A, B, and 
C in its absorption spectrum and in the products of hydrolysis. Finally 
actinomycin J obtained by Japanese workers (Hirata and Nakanishi, 
J 949 ) from Actinomyces Jlavus is also claimed to differ from Waksman’s 
actinomycin. 

Actinomycin A and B, or more simply, actinomycin, is isolated by 
solvent extraction of the culture solution, for example using butanol, 
and recrystallization of the residue (after removal of butanol) from 
ethanol. It then forms red platelets melting at 250°-252°. Chemically 
all the actinomycins consist of a quinone-like portion associated with a 
peptide, a combination unique in nature (Dagleish and Todd, 1949). 
On acid hydrolysis actinomycin A and B give five amino-acids, 
namely D-valine (an “unnatural” amino acid), L-proline, L-threonine, 
N-methyl-L-valine, and sarcosine (Dagleish et al. t 1950). Of 
these amino-acids, valine, proline, and threonine were mentioned 
in the last chapter as hydrolysis products of gramicidin, tryo- 
cidine, and the polymyxins respectively. N-Methyl-L-valine, 
(CH 3 ) 2 CH.CH(NH.CH 3 ).COOH, has not been met before in this 
book, and sarcosine, CH 3 NH.CH 2 COOH, appears in a very unusual 
role as part of a peptide. 

The quinonoid part of the molecule is resinified by the hot add 
treatment above but hydrolysis with hot barium hydroxide gives the 
above five adds, ammonia, and the purple barium salt of a substance 
which on purification formed red needles, C^H^OgN. Johnson et al 
designate this product actinomydnol B. It has no melting point 
(darkens above 300°), contains two.C-methyl groups and is soluble in 
sodium bicarbonate solution. It forms a triacetyl derivative melting 
at 210 0 and a penta-acetyl leuco compound of melting point 237°-238°. 
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It appears to be a quinone of a new type. Reference to the empirical 
formula of actinomycin has been delayed until the end of this paragraph 
because it now remains a point of difference between actinomycin A 
and B. Waksman and Tishler’s actinomycin was assigned the formula 
C 41 H 58 O n N 8 , which was at first also assigned to the B product. The 
latter’s formula has since been revised to C 66 H 88 0 16 N 12 , so that until 
actinomycin A’s formula has been similarly modified there remains 
the possibility that they may be proved to differ. Taking the revised 
formula C 61 H 88 0 16 N 12 it is probable that nine moles of amino acid are 
produced on hydrolysis for each actinomycin molecule. 

The actinomycin C of Brockmann et al. (1949, 1951) is obtained both 
from the dried mycelium by benzene extraction and from the culture 
solution by butyl acetate extraction. It is recrystallized from ethyl 
acetate and forms hexagonal alizarin-red bipyramids of melting point 
252°. More than one actinomycin C has been detected in the cultures 
and there is no doubt that actinomycin and actinomycin C are different 
products. The hydrolysis of actinomycin C gives the following amino- 
acids: D-valine, L-proline, L-threonine, N-methyl-L-valine, sarcosine, 
and D-alloiso\eucme. These differ from those obtained from actino¬ 
mycin A and B in the far smaller quantity of D-valine, and the appear¬ 
ance of D-tf//o/soleucine. This acid, C 2 H 6 .CH(CH 3 ).CH(NH 2 )COOH 
has not so far been mentioned in this book. Actinomycin C does not 
yet appear to have been completely purified and the empirical formula 
adduced, C 4 oH 67 O n N 7 , may require revision. Degradation to give 
the amino-acids above, also liberates the quinonoid portion of the 
molecule, as is the case with actinomycin A and B but the quinone 
again appears to be a different product, although probably of similar type. 

Actinomycin J (Hirata and Nakanishi, 1949) differs from actinomy¬ 
cin A and B but it resembles them in one respect. When Waksman 
and Tishler and Waksman and Woodruff (1940) originally isolated 
actinomycin they reported that two acdnomycins were present in 
their cultures of Actinomyces antibioticus. They designated these sub¬ 
stances “actinomycin A” and “actinomycin B.” Later “actinomycin 
B“ was found to owe its colour and antibacterial properties to traces 
of “actinomycin A.” The name “actinomycin B” was therefore 
allowed to disappear (Waksman, Geiger, and Reynolds, 1946), 
reappearing recendy probably again to disappear. The Japanese 
workers similarly described two acdnomycins, obtained f com Actino¬ 
myces flauus. These were designated “actinomycin J x and actino¬ 
mycin J 2 .“ The second of these compounds was found to be identica 
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with Waks man’s B, but differed from actinomycm A. Actinomycin 
J 2 (B) has been shown to be the dodecyl ester of 5-ketostearic acid and 
is mentioned again in Chap. IX. 

The blue pigment obtained from Streptomyces coelicolor has not yet 
been obtained in a state of purity (Oxford, 1946). The culture solutions 
of Streptomyces coelicolor assume an inky-blue coloration in about two 
weeks when the sole source of carbon and of nitrogen is 0-7 per cent 
ammonium acetate. The pigment is precipitated on adding hydro¬ 
chloric acid to the culture solution and is purified, according to one 
description, by solution in glacial acetic acid, precipitation with water, 
drying, and acetone-extraction of the pigment. The blue amorphous 
product obtained on evaporation of the acetone still contains 1*9 per 
cent of nitrogen probably derived from contaminating protein. 

The pigment resembles litmus in giving a blue solution in alkalis, 
reversibly changing to red on acidification. It was at one time con¬ 
sidered that it was closely related to azolitmin, the active colouring 
agent of litmus, but the low nitrogen content referred to above appears 
to dispose of this possibility. Nothing is known of the chemistry of the 
pigment except that nitrogen-containing substances such as phenazine 
or pyrrole can have no place in it. Until pure preparations have been 
obtained it cannot even be stated that the same or a different blue 
pigment is produced by another Acdnomycete, Actinomyces violaceus- 
ruber. The preparation of this “litmus solution” is given in more 
detail in Chap. XII as an example of pigment production. 

Mould Pigments 

The pigments produced by bacteria have the general interest 
attaching to all substances of biological origin. The mould pigments 
have, besides this interest, a wider importance for biochemistry as a 
whole, especially in following the stepwise activities of enzyme 
systems. They are usually quinones and especially anthraquinones and 
are related both to plant and lichen products. 

Stepwise oxidation of a side chain is shown in the following series— 



HO O OH 

Frartgu la-c m odin 
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HO O OH 


u>-Hydroxyemodin 


o 

HO || COOH 



HO O OH 


Emodic Acid 


Frangul a-emodin (Kogl and Postowsky, 1925) was obtained from 
the blood-red agaric (one of the higher fungi), Dermocybe sanguinea 
Wulfand also from the higher plant Rhamnus frangula. a)-Hydroxy- 
emodin was obtained from the mycelium of the moulds Petiicilliutn 
cyclopium (Anslow et al. y 1933) and Penicillium citreo-roseum (Postemak, 
1939). Emodic acid accompanies co-hydroxyemodin among the 
metabolic products of Penicillium cyclopium , and they were obtained 
by ether extraction of a hydrochloric acid suspension of the strained- 
off mycelium. Fractionation of the crude extract gave emodic acid, 
C 15 H 8 0 7 .H 2 0, as glistening orange needles from glacial acetic acid, 
melting with decomposition at 362°-363°, and aj-hydroxyemodin, 
C 15 H 10 O 6 , dull orange needles from methanol, melting at 287°-288°. 

The constitution of all three products depends upon that of frangula- 
emodin, which was settled by synthesis by Eder and Widmer (1923), 
Eder and Hauser (1925), and Jacobson and Adams (1924). The 
structure of co-hydroxyemodin depends on its reduction to frangula- 
emodin by hydriodic acid, and the oxidation of its tetra-acetate (by 
chromic acid in acetic acid) to triacetylemodic acid, from which 
emodic acid is obtained on hydrolysis. Emodic acid may readily be 
prepared from frangula-e modin by several methods. 

It will be observed that the three products above each contain three 
hydroxyl groups. In the following series of anthraquinones the 
hydroxyl group on carbon atom 7 is omitted, but the progressive 
oxidation of the side chain is again illustrated— 



HO O OH 

Chrysophanol 
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Aloe-emodin Rhein 


These three are plant products, but are mentioned here because of 
their close relation to mould products (Raistrick, 1940). 

Taking all six products together one may remark upon the pro¬ 
gressive oxidation of the side chain, which nevertheless does not in¬ 
clude the -CHO stage, and the fact that the predominantly oxidative 
metabolism of moulds has led to the introduction of an extra hydroxyl 
group into the 7-position in the mould products. 

In the next group of pigments further changes are made in the 
chrysophanol molecule. Introduction of one oxygen atom into 
chrysophanol yielded frangula-emodin. The further introduction of 
one oxygen atom yields the mould product catenarin (Charles et ai, 
1933; Anslow and Raistrick, 1940a). An alternative step is to intro¬ 
duce a carboxyl group into the Jrangula-cmodin molecule, thus pro¬ 
ducing the lichen product endocrocin, obtained by Asahina and 
Fuzikawa (1935) from Nephromopsis endocrocea Asahina. The relation¬ 
ship between these pigments may be made clear by the following 
structural formulae— 


O 



chrysophanol 



o OH 



catenarin 



endocrocin 
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Catenarm has been isolated from the mycelium of the following 

species of Helminthosporium: H. catenarium , H. gramineum, H. tritici- 

vitlgans, and H. velutinum (Charles et al , 1933). It forms red, slender 

plates melting at 246° with the empirical formula C 15 H 10 O 6 . It was 

shown by analytical methods to be 1 : 4 : 5 : 7 -tetrahydroxy- 2 - 

methylanthraquinone and this structure was confirmed by synthesis 

from 3 : 5-dimethoxyphthalic anhydride and m-cresol by Anslow and 
Raistrick in 1941— 


OCH 3 OH 



OCH 3 OH 



3 : 5-dimethoxy-2-{2'- 
hydroxy-4'-mcthylbcnzoyl)- 
bcnzoic add 


The condensation product was brominated, the bromine atom 
entering in the 5' position. Ring closure was effected by heating with 
concentrated sulphuric acid and boric acid, and demethylation as well 
as replacement of the bromine atom by hydroxyl was accomplished by 
raising the temperature to I5o°-i6o°— 


OCH 3 OH O OH 



3 : 5-dimethoxy-2-(2'-hydroxy-4'- 1:4:5: 7-tetrahydroxy- 

methyl-5'-bromobcnzoyl)- 2-methylanthraquinone 

benzoic add (catenarin) 


The versatility of mould enzyme systems is shown by the alternative 
point of entry of an oxygen atom into the chrysophanol nucleus. So 
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far an extra oxygen atom has been introduced into first the 7 and then 
the 1 positions of chrysophanol. In the pigment helminthosporin 
(Charles et al. y 1933) the extra oxidation level concerns the 8 position, 
in islandicin it concerns the 1 position only, and in cynodontin it 
concerns both the 8 and the 1 positions. 


O 


HO O 



ch 3 

/ oxidn. 


reduction 


oxidn. 


4 



CH. 


/ 


helminthosporin 
^ oxidn. 


O OH HO O OH 




A little may profitably be said about these products as chemical 
substances. Helminthosporin (Charles et al„ 1933; Raistrick et al, 
1933a) has been obtained from Helminthosporium gramineum, H. 
cynodontis, H. catenarium and H. tritici-vulgaris. It was isolated by 
chloroform extraction of the ground dried mycelium and formed very 
dark maroon tapering needles from chloroform, melting at 22 S °-226° 
with no decomposition. The empirical formula was found to be 
CibH 10 O 5 . It gave 2-methylanthracene on zinc dust distillation, and a 
triacetate on acetylation. This triacetate gave a carboxylic add on 
chromic acid oxidation, which was deacetylated to helminthosporic 
acid melting at 359 -360°. and whose empirical formula cJLo, 
showed that die nucleus was intact. Decarboxylation of the add gave 
1:4: 5-tnhydroxyanthraquinone. Helminthosporin is thus one of 
four possible 1:4: 5-trihydroxy-^-methylanthraquinones. On oxida¬ 
tion ,t gave 2:4: 6-tnnitro-5-hydroxy- 3 -methylbenzoic add. so that 
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helminthosporin 
following course 


HO HO 






2:4: 6-trinitro-5-hydroxy-3-mcthylbcnzoic add 

(nitrococcusic add) 


The above structure of helminthosporin was confirmed by synthesis 
from the anhydride of y-coccinic acid methyl ether, and quinol 
dimethyl ether in the following way— 



quinol dimethyl y-coccinic methyl 
ether ether anhydride 


A 1 C 1 , 

- > 

CS, 


O 



hot H,S 0 4 
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Cynodontin, C 15 H 10 O 6 (Raistrick et al ., 19336), was obtained from 
Helminthosporium cynodontis , H. euclaenae, and H. avertae by chloroform 
extraction of the mycelium. It crystallized from pyridine in brown 
leaflets with a fine bronze lustre, melting at 260°. That it was a 
hydroxyhelminthosporin was shown by its formation on oxidizing 
helminthosporin with manganese dioxide and sulphuric acid. That 
the entering hydroxyl group was in the 1 position was shown by the 
dyeing properties and the fact that it was insoluble in cold sodium 
carbonate solution, whereas /?-hydroxyanthraquinones are all soluble 
in this reagent. This structure has also been confirmed by synthesis by 
Anslow and Raistrick (1940&). 

Islandicin, C 15 H 10 O 5 , was isolated from the mycelium of Penicillium 
islatidicum by Howard and Raistrick (1949). It forms dark-red plates 
melting at 218° and closely resembles the isomeric helminthosporin in 
its colour reactions and general properties. Like helminthosporin it 
yields cynodontin on oxidation with manganese dioxide and sulphuric 
acid. On reduction with red phosphorus and hydriodic acid, followed 
by reoxidation of the anthranol, it gives chrysophanol. These facts 
establish the structure of islandicin as that shown on p. 151, since 
only a trihydroxymethylanthraquinone of this structure (besides 
helminthosporin) can yield cynodontin and chrysophanol under 
these conditions. 

In the anthraquinone series it may be noted how, beginning with 
chrysophanol, oxidation may involve the 7 position to give frangula - 
emodin, or the 8 position to give helminthosporin, or the 1 position to 
give islandicin. Oxidation to a higher level involves the 7 and the 1 
positions to give catenarin, and the 8 and 1 positions to give cyno¬ 
dontin. In all cases the 2 position is occupied by a methyl group or the 
oxidation products of the methyl group. This is a clear case of step- 
wise introduction of substituent oxygen atoms into the nucleus or the 
side chain of methylanthraquinones. 

A hydroxyanthraquinone whose structure has not yet been com- 

t 0 ^ H 12 0 7 , was obtained from Helmin- 

thosporium tritici-vulgaris (by Raistrick, Robinson, and Todd in 1934), 

and crystallized in long narrow reddish-brown plates with a bronze 

lrntre It melts at 26o°-262°, forms a penta-acetate, and yields 

2-methylanthracene on zinc dust distillation. It possesses colour 

reactions, and fluorescent properties similar to those of catenarin. Its 

structure may be represented almost certainly by one of the follow- 
m g alternatives— 


«—(T.5io) 
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Alternative Structures for Tritisporin, C 16 H n O, 

If the first of these structures should be established as correct the 
pigment will represent the next step in the oxidation of catenarin for 
it is the corresponding co-hydroxy compound. If the second is correct 
it will show that a new position (carbon atom 6) of the anthraquinone 
nucleus is involved in these stepwise oxidations. 

Two other anthraquinones obtained by Raistrick and Ziffer (1951) 
from Petiicillium nalgeovensis must be mentioned here (although their 
structures have not been fully elucidated) because of their great chemical 
interest. Both are optically active, a unique feature in anthraquinones 
(apart from the aglycone residue in glycosides), and moreover one of 
them contains chlorine, again a unique feature. 

Both quinones were obtained from the mycelium. Nalgiovensin 
C 18 Hi 6 0 6 , melting moint i99°-200°, [a]^J 61 = -f- 48-1° (c. 0*1786 in 
chloroform) forms flat, orange needles from chloroform. It contains 
a C 3 side chain in the 2 position instead of the usual methyl group, 
and an oxygen atom is also present in this side chain. To account for 
the optical activity and other properties in the simplest way, the two 
following structures are proposed— 


O 

H 3 CO II choh.ch 2 .ch 3 



HO O OH 


Nalgiovensin: Alternative Formulae 
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Nalgiolaxin, C 18 H 16 0 6 Cl, forms small yellow plates and needles 
from ethanol. It melts at 24.8°-248-5° and has WIIsi = + 40 - 3 °. 
Like nalgiovensin it forms a triacetate and a dimethyl ether. On 
oxidation both nalgiolaxin and nalgiovensin gave the same 4:5:7- 
trihydroxy-2-propylanthraquinone, and the evidence suggests that the 
chlorine atom in nalgiolaxin occupies either the 1 or die 8 position 
in the aromatic nucleus. 

The genus Aspergillus has not yet entered into this account although 
many of these species are brighdy coloured, especially in the Aspergillus 
glaums group. However, mention of these pigments has been delayed 
until this point because of a new feature which appears in them. This 
is the possession by Aspergillus species of a methylating enzyme system 
which introduces a methoxy group into the nucleus. This type of 
enzyme system does not appear to occur in Helminthosporium species. 
One of these methoxylated pigments, 4 : 5~dihydroxy-7-methoxy-2- 
methylanthraquinone was isolated from Aspergillus glaucus (Raistrick, 
Robinson, and Todd, 1937) and shown to be identical with a lichen 
product physcion from Xatithoria parietina (a yellow lichen frequendy 
found on brickwork, concrete, etc.), and with the yellow pigment 
obtained from a climbing shrub found in India, Ventilago madraspatana , 
by Perkin and Hummel in 1894. This pigment is thmfrangula-cmodm- 
7 -methyl ether, or alternatively 7-methoxychrysophanol. 

Other species in the Aspergillus glaums group produce a pigment 
orming dark-red plates, C 16 H 12 0 6 , and named erythroglaucin 
(Ashley et al y 1939). This was proved to be the 7-monomethyl ether 
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of eatenarin or alternatively 7-methoxy islandicin, since tetramethyl- 
catenarin is identical with trimethylerythroglaucin, and mono- 
methylation of catenarin gives erythroglaucin in good yield. 

The methylating system is also possessed by Penicilha one species of 
which, Penicillium roseo-purpureum , produces a red pigment, roseo- 
purpurin, which has been shown by Postemak (1940) to be 

4-methyl-co-hydroxyemodin. The formulae of the three pigments 
just mentioned are given on p. 155 

This anthraquinone group of naturally occurring pigments numbers 
to date some fourteen of established structure. They are closely 
related and appear to represent a series of enzymic attacks on the 
anthraquinone nucleus. The relationship between the pigments is 
indicated in the scheme given opposite. In this scheme chrysophanol 
is taken as the starting product. It is not, of course, suggested that the 
moulds actually produce chrysophanol en route to these pigments, 
only that closely related enzyme systems exist. These differ from each 
other by one reaction step only and some occur in plant cells whilst 
others are to be found in those of moulds. 

There are a few mould pigments which are derivatives of methyl- 
xanthone or the related methylhydroxybenzophenone— 



2-Methylxanthone 



Methylhydroxybenzophenone 


The methyl group occurs in the same position as it does in the 
anthraquinones, and so also do some of the substituents. 

Ravenelin, CuH,„ 0 5 (Raistrick et al, 1936), is a trihydroxy- 
methylxanthone produced by Helminthosporium ravenelii. Its structure 
has been confirmed by synthesis by Nord and Mull (1945) and it bears 
a striking resemblance to islandicin, produced by Penidllium islandicum. 


OH 




HO O OH 

Ravenelin 


HO O OH 
Islandicin 
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Another methylxanthone, rubrofusarin, C 15 H 12 0 5 , a red crystalline 
product, has been isolated from strains of Fusarium culmorum. Its 
structure is considered by Mull and Nord (1944) to be one of the 
alternatives— 


O OCH 3 H 3 CO O OH 



Alternative Structures of Rubrofusarin 


It camiot be said that either structure bears a strong resemblance to 
that of pigments so far encountered. 

Sulochrin, C 17 H 16 0 7 , a benzophenone derivative obtained from 
Oospora sulphurea-ochracea , by Nishikawa (1936, 1937) has a structure 
recalling those of ravenelin and frangul d-emodin— 


HO HO CH 3 




Ravenelin Frangula-c modin 


The appearance of the carboxymethyl group in the structure of 
sulochrin is a new feature. 

Benzoquinones are often encountered among mould metabolic 
products. They are frequently methoxyquinones and the three simple 
ones about to be mentioned are methoxytoluquinones. 4-Methoxy- 
toluquinone, fumigatin, and spinulosin form a series in which the 
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toluquinone nucleus is oxygenated in three distinct steps suggesting, as 
with the anthraquinones, that stepwise oxidation occurs. 

o o o 




The first product, 4-methoxytoluquinone, is a metabolic product of 
two of the higher fungi, Coprinus similis and Letitinus degener , and is 
probably the simplest quinone to be found in nature. It forms golden- 
yellow crystals melting at I70°-I72° from 95 per cent ethanol. The 
two fungi producing this substance, both Basidiomycetes, were 
induced to grow on the simple Czapek-Dox medium after enriching 
it with com-steep liquor. The methoxytoluquinone was extracted 
from the culture solution by using chloroform (Anchel et al., 1948). 

Fumigadn (Anslow and Rais trick, 1938a), 3-hydroxy-4-methoxy- 
2: 5-toluquinone, maroon-coloured needles melting at 116°, is a 
slightly unstable substance obtained from Aspergillus fumigatus , by 
chloroform extraction of the acidified culture solution followed by 
recrystallization from light petroleum. The leuco form of fumigatin 
was also isolated from the culture solution. The structure of fumi¬ 
gatin was first deduced by elimination and then confirmed by synthesis 
in the folllowing steps (Baker and Raistrick, 1941). 3:4: 5-Tri- 
methoxytoluene was converted into 3-hydroxy-4: 5-dimethoxy-2- 
acetyltoluene by the use of acetyl chloride and aluminium chloride. 
The resulting hydroxy-ketone was submitted to a Dakin oxidation 
(hydrogen peroxide, alkaline solution) to give 2: 3-dihydroxy- 4 : 5- 
dimethoxytoluene. Mild oxidation of this product using an aqueous 
solution and dilute ferric chloride under a layer of benzene and 
petroleum ether to protect the quinone from further oxidation gave a 
44 per cent yield of synthetic fumigatin. (See diagram at top of p 160.) 

Spinulosin, 3 : 6-dihydroxy- 4 -methoxy-2: 5-toluquinone, a much 
more stable substance than fumigatin, has been isolated from several 
mould species. It is named after Penicillium spinulosum from which it 
was first isolated (by Birkinshaw and Raistrick in 1931) and has also 

^cCn OUI A e l Cd ° n i 0ther ? enicmia such 25 Penicillium cinerascens 
(Bracken and Raistrick. 1047I. It i« nf o._, 



i6o 


THE CHEMISTRY OF MICRO-ORGANISMS 


COCH. 


H«C 


OCH. 



CH.COCl + 


A1C1, 


3:4: 5-trimcthoxytoIucnc 

OH 



2 : 3-dihydroxy-4 : 5- 
dimcthoxy toluene 



Dakin 


oxidation 


3-hydroxy-4 : s-dimethoxy-2- 
acctyltolucnc 


o 


FcCl, 


oxidation 



o 

furaigatin 


been isolated from an atypical strain of Aspergillus fumigatus (Anslow 
and Raistrick, 19386). This strain is morphologically far removed from 
the more typical strains giving fumigatin, a difference expressing itself 
also in the different enzyme systems present and which is responsible 
for the introduction of an extra oxygen atom into the toluquinone 
nucleus. Spinulosin may be obtained by ether or chloroform extraction 
of the acidified culture solution. The crude extract is purified by 
solution in aqueous sodium bicarbonate which extracts spinulosin 
because of its weakly acidic nature, followed by acidification and 
recrystallization of the precipitate from toluene. It forms platelets of a 
remarkably lustrous purple-black colour melting at 200°. 


O 



AcjO + 

-» 

h,so 4 


O.COCH. 



O 
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Spinulosin may be regarded as 6-hydroxyfumigatin and its structure 
has been confirmed by synthesis, notably by direct introduction of the 
hydroxyl group into fumigatin. This is easily accomplished by 
acetylation of fumigatin by means of acetic anhydride and sulphuric 
acid (Thiele-Winter acetylation). In this acetylation procedure, which 
is usually carried out in the cold, a nuclear CH group, the two carbonyl 
groups, and any hydroxyl groups are converted into acetoxy groups. 
The reaction with fumigatin takes the course shown in the reaction 
sequence at the foot of page 160, and since there is only one free 
position in the fumigatin molecule, the structure of spinulosin must 
be as shown. Spinulosin has also been synthesized in other ways 
(Anslow and Raistrick, 1938c) and the above structure accords with 
its general properties and especially with its colour reactions. 

These three naturally occurring toluquinones are all antibacterial 
substances. Their antibiotic activity decreases in the order 4-methoxy- 
toluquinone, fumigatin, spinulosin (Oxford, 1942), which indicates 
that introducing hydroxyl groups into the toluquinone nucleus 
decreases the antibacterial potency. On the other hand 4: 6-dimeth- 
oxytoluquinone is a remarkably powerful antibiotic, and methylated 
spinulosin (3:4: 6-trimethoxytoluquinone) is also a potent bacterio¬ 
static agent. This suggests that introducing the methoxy group 
increases the antibacterial activity of toluquinones. 

Recendy the antibiotic aurantiogliocladin, C 10 H 12 O 4 , has been 

isolated from a Gliocladium species. This has been shown (by Vischer, 

1953 ) to be closely related to spinulosin and fumigatin. In fact it may 

be viewed as being derived from fumigatin by nuclear and O- 
methylation— 


O 

HO fl CH 



h 8 co 1 

o 

Fumigatin 



Aurantio glio cladin 


Auranoognociadin is accompanied by its quinhydrone rubroglio- 
ciadm and by an isomer of the quinol^gliorosein, C^H^O*—for 
which the alternative formulae are as shown_ 
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O 


H 3 CO CH, 



Alternative Formulae for Gliorosein 


Gliorosein is converted into the isomeric quinol of aurantiogliocladin 
on contact with alkah or pyridine, but this quinol is not a natural 
product. The structure of aurantiogliocladin has been confirmed by 
synthesis (Baker, McOmie, and Miles, 1953). 

Some other natural products are benzoquinone derivatives related 
to those just considered. Polyporic “acid” produced by a higher 
fungus, Polyporus nidulans has the hydroxyl groups in the same positions 
as they are found in spinulosin but phenyl groups replace the methyl 
and methoxyl groups (Kogl, 1926). 

O 



The enzyme systems in another higher fungus, Paxillus atroto- 
mentosus , possess a higher oxidation potential, for the quinone 
isolated from this organism has hydroxyl groups substituted into the 
phenyl nuclei giving atromentin (Kogl and Becker, 1928)— 



Atromentin 

Musc^rufin, the red pigment found in the fungus Amanita muscaria , 
is not very closely related to these products, its structure showing 
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several novel features, especially the presence of three carboxyl groups 
and a C 5 side chain (Kogl, 1930)— 


O COOH 



Muscarufm 


These products are derivatives of terphenyl and give this hydrocar¬ 
bon on destructive distillation with zinc dust. Two mould pigments 
will be mentioned here which are derivatives of ditoluquinone and 
whose structures have been confirmed by synthesis from this diquinone. 
These products are phoenicin, obtained from Petiicillium phoeniceum 
(Friedheim, 1933, 1938), and oosporein obtained from another mould 
Oospora colorans (Kogl and van Wessen, 1944). These pigments are 
closely related to fumigatin and spinulosin respectively for if the 
methoxy groups in the simpler quinones are replaced by a second 

molecule of the methoxy-free substance the two diquinones are then 
produced— 



° os P° rein Spinulosin 


Once again the higher oxidation potential of one species compared 
with another, is shown in the introduction of the extra hydroxyl group. 
Phoemcin. was also obtained from Petiicillium rubrum and as was the case 
with fumigatin the leuco compound has also been isolated from the 
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solution (Raistrick, 1940). In this case the replacement of the nitrate 
ion by ammonium in the culture medium leads to considerably in¬ 
creased yields of the leuco compound, tetrahydrophoenicin. 

The pigments so far described have all been quinones of one kind 
or another. Three pigments may now be mentioned which are not 
quinones although two are closely related to quinones. 

The bright colours of many of the species in the Aspergillus glaucus 
series have already been commented upon. Considerable quantities of 
two quinols (but not the quinones) have been isolated from the 
mycelium of some of these species. These products are: flavoglaucin, 
C 19 H 28 0 3 , which forms yellow needles melting at 105°, and auro- 
glaucin, C 19 H 2 20 3 , orange needles melting at 152 0 . The two pigments 
are closely related since both yield dihydroflavoglaucin, C 19 H 30 O 3 , on 
catalytic reduction. Their constitutions have not been fully elucidated 
but the following alternatives have been put forward (Raistrick, 
Robinson, and Todd, 1937; Cruickshank et al> 1938)— 

OH OH 

CO.(CH 2 .CH 2 ) 3 .CH 3 R t CO.(CH:CH) 3 .CH 3 


r 2 1 

OH 

Flavoglaucin Auroglaucin 

The alternative proposed structures have had— 

(a) Rjl as CH 3 .C(: CH 2 ).CH 2 .CH 2 - with R 2 as H- 

(b) R x as CH 2 : CH 2 - with R 2 as (CH 3 ) 2 .CH- 

(c) R x as (CH 3 ) 2 .CH- with R 2 as CH 2 : CH 2 - 

Some fungi occur in nature in symbiotic association with the root¬ 
lets of plants. These are known as mycorrhiza (“fungus root’), and 
from one yellow species, Corticium croceum Bres., Erdtman isolated in 
1948 an orange-yellow pigment which he termed corticrocin. This 
pigment is quite different in its nature from those just considered since 
it is not quinonoid but is an unbranched polyene dicarboxylic acid; 
and yet it has considerable interest not only because it is the first 
recorded instance of such a product being obtained from a natural 
source, but because it may well be that long-chain fatty acids of this 
type are precursors of complex ring structures of the anthraquinone 

type. 
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The isolation of corticrocin was not easy because the natural 
material had to be used and thus included humus and debris as well as 
mycorrhizal mycelium. However, it was obtained following an 
extraction procedure involving removal of water-soluble material, 
acetone extraction of the dried soil, and removal of waxes and other 
soil debris extractives by using boiling ethyl benzoate. Recrystalliza¬ 
tion of the residue from pyridine and sublimation in a high vacuum 
finally gave pure orange-yellow corticrocin, C14H14O4. 

Corticrocin is insoluble in almost all organic solvents, but is soluble 
in very dilute sodium hydroxide solution. It is almost insoluble in 
twice-normal alkali, however, because of the insolubility of the sodium 
salt. Its acidic nature was therefore overlooked at first, although it is 
actually a di-carboxylic acid. Its melting point is very high, about 
317° (dec.), and is not very useful in characterizing the substance. It 
gives a red solution in concentrated sulphuric acid, and a colourless, 
soluble, brominated product when a chloroform suspension is treated 
with hydrogen bromide. Corticrocin reacts briskly with diazomethane 
giving a dimethyl derivative melting at 230°-232°, as golden-yellow, 
glistening platelets from acetic acid. 

The ultraviolet absorption spectrum is similar to that of several 
carotenoids, but it is not a true carotenoid. On catalytic reduction it 
absorbs twelve atoms of hydrogen per mole and the reduction product 
is the dimethyl ester of H-dodecane dicarboxylic acid-i : 12. Since 
corticrocin contains six conjugated double bonds its structure must be 
represented as dodecahexane-(i : 3 : 5 : 7 : 9 : 11)-dicarboxylic acid- 
(1 . 12). The ultraviolet absorption spectrum of the dimethyl ester, 
and the effect of traces of iodine, indicates that the ester has the stable 
trans configuration. Thus the structure of corticrocin is-— 


H 


HOOC.(CH = CH) a .COOH 

This structure has been confirmed by synthesis (Shaw and Whiting, 
1953 )- The structure proposed for the dimethyl ether is as follows— 

OCH 3 H H H H 

\ / / / / / 

c c c c c o 

x \ x .\ x \ x\ x\ x\ x 

0 c c c c C C 

\ \ \ \ \ \ 

H H H H H OCH a 

Corticrocin Dimethyl Ether 
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It is suggested by Erdtman that long-chain fatty acids of this type 
may be the precursors of complex pigments. A suggestive similarity 
between the structures of muscarufm and corticrocin is obvious 
from the following formulae— 


COOH 


CH 

/ 

CH 

\ 

CH 


= C 
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9 C—CH=CH—CH = CH 
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Corticrocin 


The same C 6 side-chain, and the same system of double bonds is also 
found in a red pigment, thelephoric acid, C 20 H 12 O 6 (Kogl, Erxleben, 
and Janecke, 1930), belonging to the phenanthrene series, not so far 
mentioned in this chapter. 


O O 



Thelephoric acid is obtained from several species of Thelephora. Its 
structure as a phenanthrene dicarboxylic acid depends upon the 
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formation of 2-butadienylphenanthrene, C^Hm, on zinc dust distil¬ 
lation, with simultaneous liberation of two moles of carbon dioxide. 
It also forms a triacetate, and on mild reductive acetylation a penta- 
acetate. The more fully reduced compound forms a heptamethyl 
derivative, heptamethylhexahydrothelephoric acid, oxidation of which 
gives 4:2': 5'-trihydroxydiphenyl-2 : 5 : 4': 6'-tetracarboxylic acid— 


HOOC HOOC OH 



HOOC OH 


which can be decarboxylated to 4:2': 5'-trihydroxydiphenyl. 
These facts show that thelephoric acid is a 9 : 10 phenanthraquinone. 

A longer side chain of conjugated double bonds has also been en¬ 
countered in auroglaucin, which was referred to earlier in this chapter. 
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CHAPTER VIII 


CONVERSION OF SUGARS INTO 
AROMATIC COMPOUNDS 

One of the outstanding characteristics of mould metabolism is the 
frequency with which sugars are converted into aromatic compounds. 
This is more noticeable with moulds than with bacteria because moulds 
are so often supplied with glucose or sucrose as their sole source of 
carbon. Some aromatic compounds produced by moulds will be 
dealt with in this chapter. 

The simplest of these compounds bear some relation to those des¬ 
cribed in the previous chapter. They are represented by the following 
series— 


OH OH O OH 



Toluquinol Gentisyl Alcohol co-Hydroxytolu- Gbntisic Acid 

(2 : 5-DrHYDROxY- (2 : 5 -dihydroxy- quinone (2 : 5-dihydroxy- 

toluene) benzyl Alcohol) benzoic Acid) 


The first member of this series, toluquinol, has not been obtained as 
a mould metabolic product, nor has the corresponding quinone. In 
view of the repeated appearance of the methyl group in the same 
position, amongst the quinones (including benzoquinones) mentioned 

in the last chapter, this omission is surprising. 

The other three products have all been found in mould metabolism 
solutions. Gentisyl alcohol, the first oxidation product of toluquinol, 
is produced by Penicillium patulum (Birkinshaw et al ., 1943) ^ 
Penicillium urticae (Engel and Brzeski, 1947). It is remarkable that so 
simple a compound was not known until it was isolated from a mould 
metabolism solution. Gentisyl alcohol forms rather unstable colourless 
needles from chloroform, melting at ioo°. It gives an evanescent blue 
colour with ferric chloride, this colour fading at once to yellow. It is 

feebly antibacterial. 
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On catalytic reduction it gave toluquinol, and on methylation and 
oxidation 2 : 5-dimethoxybenzoic acid (dimethylgentisic acid). Its 
structure was confirmed by synthesizing the known 2 : 5-dihydroxy- 
benzaldehyde and catalytically reducing this to the hydroxy 
compound— 



2 : s-dihydroxybcnzaldchyde 


2 : 5-dihydroxy benzyl alcohol 
(gentisyl alcohol) 


The synthetic product was identical with the mould metabolic product. 

Gentisyl alcohol is of interest because it is accompanied in the 
metabolism solution by both its oxidation products. The correspond¬ 
ing quinone, <o-hydroxytoluquinone, has not been isolated as such in 
the free state, but a quinhydrone (C 7 H 8 0 3 ) 3 .C 7 H 6 0 3 comprising three 
molecules of the quinol and one of the quinone was isolated with 
gentisyl alcohol from Penicilliunt urticae. It is a dark-violet crystalline 
substance forming small needles from ethyl acetate and melting at 
86 —89 . This is the first occasion on which a molecular compound 
of this type has been obtained as a mould metabolic product. 

Gentisic acid, 2 : 5-dihydroxy ben zoic acid, the further oxidation 
product of gentisyl alcohol, is a common mould metabolic product. 
It accompanies gentisyl alcohol in the metabolism solutions of Penicil - 
liumpatulum and Petticillium urticae and was first obtained as a metabolic 
product of Petiicillium griseo-fulvum by Raistrick and Simonart (1933) 

Another metabolic product of Penicillium griseo-fulvum is again a 

substituted benzoic acid, 2-hydroxy-6-methylbenzoic acid (6-methyl- 
.salleykc acid)— • v 7 


CH S 



Methyl salicylic add (Anslow and Raistrick, i 93 1) forms beautiful 
olourless needles from water, and melts at I70°-i 7 i°. I t gives an 
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intense, stable, purple colour with ferric chloride, and forms a mono¬ 
acetate and a monomethyl ether both of which are acidic. The above 
structure of the acid was confirmed by synthesis. 

Griseofulvin, C 17 H 17 0 6 Cl, and mycelianamide, C 2 2H 28 0 5 N2, also 
produced by Penicillium griseo-fulvum are discussed in Chap. X. 

Petiicilliiim griseo-julvum is a somewhat rare species but some com¬ 
moner moulds also produce a number of related substances. Penicillium 
brevi-compactum is a well-known species which has already been 
mentioned in Chap. II as producing ergosterol palmitate. The mould 
also produces a series of resorcinol carboxylic acids (Clutterbuck et al. t 
1932), all closely related, resembling in this respect the penicillins, 
polymyxins and actinomycins. This occurrence in the same culture 
solution of a number of metabolic products, all based on a single type 
is typical of micro-biological biochemistry. It can be the cause of very 
real difficulties in the separation and purification of the products. In the 
case of various members of the Penicillium brevi-compactum group not 
all the members of the series were produced by all the strains studied. 
However, in the case of a representative mould the metabolic changes 
brought about in the solution could readily be followed in several ways. 

The best medium for the growth of the organism, and also for 
production of the acids, was that of Raulin-Thom containing tartaric 
acid as well as glucose as the carbon source, and ammonium ions as the 
source of nitrogen. The products were also produced on Czapek-Dox 
medium but in less satisfactory yields. This result shows, however, 
that they are produced by the metabolism of glucose. Incubation 
was in stationary flasks at 24°C and the most striking changes were 
those shown on adding ferric chloride to test samples of the solution. 
At first the solution merely became yellow on adding aqueous ferric 
chloride. After three or four days the coloration was a dirty yellow. 
On the fifth and sixth days this had deepened to pale brown, and it 
was golden-brown on the seventh to ninth days. After ten to twelve 
days the colour had begun to include a purplish tint, becoming crimson 
during the thirteenth to fifteenth 
blue-crimson. 

Not all the strains gave all these colour changes nor were the times 
always as given above, but when the colour changes were present it 
was always found that the strain was one of the Penicillium brevi- 
compactum scries. This point is of importance because frequently 
moulds were isolated from chance materials, even the classic mouldy 
cheese, and tested on a small scale before being identified. The 


days. Finally the colour was a deep 
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appearance of the colour changes above was diagnostic that the species 
was one of the Penicilliutn hrevi-compactum series. In fact none of these 
acids has as yet been obtained from any mould species other than 
those grouped in the P. brevi-compacta (Raistrick, 1938). 

The isolation of each of the substances present was a lengthy process, 
which can be summarized in the following scheme. 

Scheme of Separation of Resorcinol Carboxylic 
Acids from Penicillium brevi-compactum 

Metabolism solution filtered from mycelium— 

—> Mycelium rejected 

> f 

Solution evaporated from 30 1 to 600 c.c. and the solution allowed 

to stand for two days at o°. A crystalline solid separated which was 
collected. 


Solid extracted with ether 


Ether- Ether-insoluble 

soluble = Fraction III 


Solid deposited Material in 
in flask = ether mother 
Fraction I liquor = 


Fraction II 


Filtrate extracted with ether 
at various pH’s 


Extraction at Extraction at Extraction at 
7 pH 5*3 pH below 3*0 

I | 

Fraction IV Fraction V 


Extracts 1-4 
= Fraction VI 


Extracts 5-7 
— Fraction VII 


Fraction III above consisted mainly of inorganic salts and was 
follows— ^ WelghtS obtained of various fractions were as 

Volume of metabolism solution: 3,300 1 

Fraction I weighed 52*7 g 

rv O 


II 

IV 

V 

VI 

VII 


13*40 g 
76*16 g 
71*36 g 
364*90 g 
42*45 g 
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Of these, fractions I, II, and IV were impure mycophenolic acid and 
were purified by recrystallization from water in the case of fraction I, 
and formation of the ethanol-insoluble potassium salt for fractions II 
and IV. In this way 72-12 g of pure mycophenolic acid was obtained 
in the case quoted in the table above. 

The remaining fractions, V, VI, and VII, contained varying amounts 
of four acids, whose empirical formulae were C 10 H 10 O 5 , C 10 H 10 O 6 , 
C 10 H 10 O ? , and C 8 H 6 0 6 . Their separation involved a whole series of 
fractional crystallizations from solvents and water, for details of which 

the original paper must be consulted. The yields of the materials were 
as follows— 

Mycophenolic acid . . . 72-12 g 

Acids C 10 H 10 O 7 + C 10 H 10 O 5 . . 166 90 g 

Acid C 10 H 10 O 6 .... 28*55 g 

Acid CgHgOg .... 4-'00 g 

The small yield of the last acid, C 8 H 6 O e , was typical, and its isolation 
was always the most troublesome. However, once it was purified the 
elucidation of its structure was comparatively a simple matter (Oxford 
and Raistrick, 1932). This followed from the observations: (< a ) that it 
was a dicarboxylic acid giving an anhydride at its melting point, the 
first melting point being i88°-i 89° with effervescence, followed by 
re-setting and re-melting at about 2o6°-2io°; ( b ) that it gave a deep 
red ferric chloride colour; and (c) that on complete methylation it 
gave a tetramethyl derivative. Its general properties were consistent 
with the new acid being a phthalic acid derivative, and the red ferric 
chloride colour is associated with its being a /?-resorcylic acid 
derivative. 

The only acid which can accommodate the two hydroxyl groups 
and the two carboxyl groups, and also retain the /ft-resorcylic nucleus 
is 3 : 5-dihydroxyphthalic acid— 

OH OH 



/ 3 -Resorcyuc Acid Thb Acid C g H e O e : 

3 : 5-Dihydroxyphthalic Acid 

This acid had not been obtained previously from any source, 
natural or synthetic, and the proof of the above structure was achieved 
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by synthesis of the dimethyl derivative of the anhydride. An interesting 
point about this synthesis is that it links mould and lichen products in 
the following way. 

The lichens Parmelia olivetoritia and Alectoria divergens contain a 
substance olivetoric acid, C 26 H 32 0 8 , which is a derivative of / 1 -resorcy- 
lic acid. The dimethoxyphthalic anhydride synthesized above, was 
first synthesized in connection with the elucidation of the structure of 
the lichen acid (Raistrick, 1938). Olivetoric acid is more complex than 
the mould acid since it contains two w-amyl groups as well as extra 
ring systems, but its structure is based upon the same nucleus. The 
parent acid of many of the other lichen acids, namely orsellinic acid, 
C 8 H 8 0 4 , also shows a strong similarity to the mould acid— 



HO 

Olivetoric Acid 


HO COOH 



3 : 5 -Dihydroxyphthalic 
Acid 



Orsellinic Acid 


The structures of the other three acids C 10 H 10 O 6 , C^H^O,, and 
CjoH^U, have been eluadated but not yet confirmed by synthesis 
(Oxford and Raistrick, 1933). The acid C 10 H 10 O 5 forms a small part 
ot the fraction containing this acid and the acid Q^O,. These two 

acids are separated by fractional crystallization from water, when the 
acid C 10 H 10 O 7 crystallizes first. Both acids may be recrystallized from 
water once they have been partly purified. They both form diamond¬ 
s' 1 , j ° f add CioHioO, being somewhat the 

g . The third acid, C 10 H 10 O 6 , is obtained from fractions VI and 
VII m the chart, and forms colourless rhombs from water. 

The melting points of the acids are characteristic. The acid C H O 

evolving one .nolecule of w.STd , .feerf 
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carbon dioxide, producing a new substance, C 10 H 8 O 4 . The new 
product forms glistening platelets from water, melting at 246°-25o°, 
with darkening above 230°. The acid C 10 H 10 O 7 melts at i25°-i35° 
losing one mole of water but almost no carbon dioxide, and yielding 
a syrup. This syrup reverts to the parent acid with the merest trace of 
water. The acid C 10 H 10 O 6 melts at i90°-200° eliminating water and 
yielding a product also melting at i90°-200° but without effervescence. 

Some general properties of the acids reveal their close inter¬ 
relationships. They are all optically inactive, none of them contain 
methoxy groups, and all give intense reddish-purple colours with 
ferric chloride. They titrate as dibasic acids with a poor end-point. 
The acids C 10 H 10 O 5 and C 10 H 10 O 6 give solutions in concentrated 
sulphuric acid which exhibit a blue fluorescence in ultraviolet light. 
The acids C 10 H 10 O 5 and C 10 H 10 O 7 are ketones giving prompt pre¬ 
cipitates with Brady’s reagent (a 0-3 per cent solution of 2 : 4-dinitro- 
phenylhydrazine in twice-normal hydrochloric acid), whereas the 
acid C 10 H 10 O 6 gives a precipitate only on prolonged standing with 
the reagent. None of the acids show any aldehydic properties. 

The substance C 10 H 8 O 4 arising from the dehydration of the acid 
Ci 0 Hi 0 O 6 gives a stable ferric chloride colour, and titrates as a mono¬ 
basic acid. Its solution in concentrated sulphuric acid gives the same 
blue fluorescence in ultraviolet light as that given by the acid C 10 H 10 O 6 , 
and like that given by this acid, the solution is stable on gendy warm¬ 
ing. The sulphuric acid solutions of the acids C 10 H 10 O 6 and C 10 H 10 O 7 
merely become very dark under this treatment. 

The inter-relationships between the three products are readily taken 
a stage further. Reduction of the acids C 10 H 10 O 6 and C 10 H 10 O 7 by 
means of zinc and sulphuric acid gave the acid C 10 H 10 O 5 , and 
catalytic reduction of the acid C 10 H 10 O 7 gave the acid C 10 H 10 O 6 . 

This last reduction appears to involve elimination of oxygen. 
However, the evidence is that a simpler explanation is available. The 
acid C 10 H 10 O 7 is essentially a hydrate, the formula being more 
correctly C 10 H 8 O 6 .H 2 O. This is indicated by the ready re-hydration 
of the syrup obtained on dehydrating the acid at its melting point; 
and more significantly by the fact that it forms a mono dimtrophenyl- 
hydrazone for which the analytical figures favour a derivative of 
C 10 H 8 O 6 , when it is dried in vacuo ; but this same derivative absorbs 
two moles of water on exposure to moist air. The reduction is thus 

best put as— h, 

C 10 H 10 O 7 -> C 10 H 8 O a + H 2 0 - C 10 H 10 O a + H 2 0 
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Reduction of the acids C 10 H 10 O 6 and C 10 H 10 O 7 by means of 
Clemmensen’s procedure (amalgamated zinc and boiling hydrochloric 
acid) gave the dehydration product C 10 H 8 O 4 of the acid C 10 H 8 O 5 . 

Oxidation reactions suggest the same close similarities. The sodium 
salt of the acid C 10 H 10 O 6 reduced copper sulphate in the cold and gave 
a poor yield of the salt of the acid C 10 H 10 O 7 . Similarly both the acids 
gave the same mono dinitrophenylhydrazone, indicating that the 
reagent acts as an oxidizing agent during the slow production of the 
dinitrophenylhydrazone from the acid C 10 H 10 O 6 . This behaviour 
recalls the similar oxidation of acetoin CH 3 .CHOH.CO.CH 3 in 
forming a bisdinitrophenylhydrazone. 

The general properties, and similarity in ferric chloride colour 

reactions to that of 3 : 5 dihydroxyphthalic acid suggest that all three 

acids possess the same carbon skeleton, probably an aromatic nucleus, 

and that they differ in the degree of oxidation of the side chain. The 

nature of the aromatic nucleus was shown by oxidation of the acid 

QoH 10 O 7 by hydrogen peroxide when the product was the previously 

characterized 3 : 5-dihydroxyphthalic acid. The resorcinol nucleus is 

thus present in the acid C 10 H 10 O 7 . Similarly the dehydration product 

Ci 0 H 8 O 4 obtained from the acid C 10 H 10 O 5 , on methylation and 

cold potassium permanganate oxidation gave 3 : 5-dimethoxyphthalic 

acid. Since the acid C 10 H 10 O 7 gave the acid C 10 H 10 O 6 on catalytic 

reduction it is safe to assume that the resorcinol nucleus is present also 
in this acid. 

Taking the acid C 10 Hi 0 O 6 it is possible to account for all the oxygen 
atoms. Two are present in the resorcinol hydroxyl groups, two are 
present in one carboxyl group, and one is present in the ketone group. 
This eliminates the possibility of a heterocyclic second ring being 
present. Further, when the dimethyl ether of the acid QoHioOg is 
heated at 180°, it loses 0 9 moles of water (with a trace of carbon 
dioxide) and the product can be hydrolysed (decarboxylated) by hot 
alkah to give a neutral ketone extracted by ether from the oily solution. 
This ketone is oxidized by cold alkaline potassium permanganate to 
give 3 : 5-dimethoxybenzoic acid. Thus in the acid C 10 H 10 O 6 the 
carboxyl group is directly attached to the benzene ring, and like 3 : 5- 
dihydroxyphthalic acid it is a derivative of 0 -resorcylic acid. In fact 
the resemblance to the phthalic acid derivative is still stronger for it is 
clear that one of the carboxyl groups (the one meta to the hydroxyl 
groups) m that acid is replaced by the group C 8 H 6 0 in the acid 
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Final evidence of the structure of the acid was obtained when its 
dimethyl ether was found to yield iodoform amongst the alkaline 
hypoiodite oxidation products. In this respect it resembled benzyl- 
methyl ketone, C 6 H 5 .CH 2 .CO.CH 3 , and differed from propiophenone, 
C 6 H 6 .CO.CH 2 .CH 3 . The acid thus becomes 3 : 5-dihydroxy-2- 
carboxybenzylmethyl ketone— 

OH 



The Acid CioHioOs 

(3 : 5-Dihydroxy-2-caj*boxybenzylmethyl Ketone) 


This formula adequately expresses the chemical nature of the acid. 
In particular the dehydration product C 10 H 8 O 4 can be represented as 
an isocoumarin derivative formed by ring closure of the enolic form— 


OH 



HO CH 2 .CO.CH 3 

acid CnH| 0 O| 


OH 

I COOH 


> 


HO CH=CH(OH).CH 3 

cnolic form of acid Cj«Hi t O, 



OH 


CO 




o 


/\/\ 


HO 


CH 


4- HoO 

c.ch 3 

/ 


dehydration product C, 0 H»O« 
(6: 8-dihydroxy-3-methyl- 
tsocoumarin) 


The acid C 10 H 10 O 6 is thus C-acetylorsellinic acid, and shows again a 

close link between mould and lichen products. 

The other two acids are most satisfactorily represented as simple 

oxidation products of the acid C 10 H 10 O 5 . 
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OH 



HO CHOH.CO.CHg 

Thb Acid C 10 H 10 O, 

(3 : 5-Dihydroxy-2-carboxyphenyl- 
ACETYLMETHYL CARfilNOL) 


OH 



HO CO.CO.CH3.H3O 

The Acid C 10 H l0 O 7 

(3 : 5-Dihydroxy-2-carboxybbnzoyl- 
mbthyl Ketone Hydrate) 


However, there are difficulties about both formulae. For example 
it is not possible to oxidize the free add CjqH^Oq to the add 
and oxidation of the sodium salt by means of copper sulphate gives a 
very poor yield. Also it would be expected to be optically active since 
it is a biologically produced substance containing an asymmetric 
carbon atom. Similarly the add CjoHioO, is represented as an 
a-diketone. If so it should be yellow but even the anhydrous substance 
is colourless. Nevertheless, the formulae explain most of the observed 
facts and the difficulties just noted may be resolved if the possibility of 
stable tautomeric forms being present is accepted. Thus the side chain 
of the add C 10 H 10 O e may be a mixture of all the foil owing groups— 

—CHOH.CO.CH3 
CO.CHOH.CH3 
—C(OH)=C(OH) .CH 3 
—CH—C(OH).CH 3 

O 

—C(OH)—CH.CH 3 

I- O- ! 




and the add C^oH^O, may well possess a side chain which is actually 
a hydroxy monoketone— 


OH 

/ 

—C—CO.CHj or 

OH 


OH 



OH 


or both 


One fact suggesting that the acid C 10 H 10 O, possesses the assigned 
structure is that unlike the other two acids it does not give the methyl- 
iiocoumarin derivative, C^O*. on treatment with concentrated 
sulphuric acid. This agrees with the above formula since the diketone 
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formed by dehydration of the acid, C 10 H 10 O 7 , cannot yield such a 
substance on ring closure. 

The close relationship which exists between some of the mould and 
lichen acids is shown by a consideration of the structure of the above 
acids and divaricatic acid, obtained from the lichen Evertiia divaricata. 
Divaricatic acid, C 21 H 24 0 7 , is a depside which on hydrolysis produces 
divaric acid, C 10 H 12 O 4 , together with its 4-methyl ether, divaricatinic 
acid, C u H 14 0 4 . In these acids a fully reduced C 3 side chain replaces 
the partially oxidized side chains found in the three mould acids. 


OH 


OH 



H,CO 


OH 


COOH 


CO 


/\/ 


/\/\ 


o 



ch 2 .ch 2 .ch 3 ch 2 .ch 2 .ch 

divaricatic acid, C„H„ 0 , 
hydrolysis 


OH 


COOH 


/\/ 



HXO 


ch 2 .ch 2 .ch : 


divaricatinic acid, C,,H,» 0 4 
(4-mcthyldivaric acid) 


OH 



COOH 


/\/ 


compare 



HO CH 2 .CH 2 .CH 3 

divaric acid, C, 0 H„O4 


\/\ 

HO CH 2 .CO.CH 3 

the mould acid, C,,H, 0 O* 


Mycophenolic acid, C 17 H 20 O 6 , was the first of the / 9 -resorcylic 
acids to be obtained from Penicillium brevi-compactum. The order of 
presentation of the acids in this chapter is very different from the 
chronological order of their discovery. Mycophenolic acid is actually 
one of the very earliest of mould metabolic products, for Gosio 
described an acid “C 9 H 10 O 3 ” as long ago as 1896, which was almost 
certainly mycophenolic acid. On the other hand the final decisions as 
to its structure were not reached until 1948, so that there is some 
justification for treating it last. Furthermore, it is a more complex 
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substance than the other acids, and perhaps not quite so closely related 
to them as they are to each other. 

Mycophenolic acid, C 17 H 20 O 6 (Alsberg and Black, 1913), crystallizes 
in radiating needles from water or dilute ethanol (Clutterbuck and 
Raistrick, 1933). It melts at 141 0 , and is stable to boiling acids and 
alkalis. It gives a deep-blue ferric chloride colour, but does not give 
any blue fluorescence with concentrated sulphuric acid, such as is given 
by the acids C 10 H 10 O 5 and C 10 H 10 O 6 . It titrates as a dibasic acid, it 
contains one methoxy group, and it is optically inactive. It is readily 
acetylated to give a monoacetyl derivative. It can also be fully 
methylated using methyl sulphate to give a dimethyl derivative, and 
this can be saponified to give a monomethyl derivative. Neither the 
acetate nor the monomethyl derivative give any colour with ferric 
chloride. It is clear that mycophenolic acid contains one carboxyl and 
one phenolic hydroxyl group. 

On titration the monomethyl derivative titrates in the cold as a 
monobasic acid but a second acid group is unmasked when hot alkali 
is used. A lactone ring appears to be present in the ether, and therefore 
in the parent mycophenolic acid. 


Mycophenolic acid absorbs two atoms of hydrogen on catalytic 
reduction forming a dihydromycophenolic acid, and it is quantitatively 
demethylated by hydriodic acid to give normycophenolic acid. 

It is thus possible to indicate the following about the chemical 
nature of the acid. Two of the six oxygen atoms are present in a 
carboxyl group; one oxygen atom is present in a hydroxyl group; 
one oxygen atom is present in a methoxy group; and two oxygen 
atoms are present in a lactone ring, CO ... C. Further one alipha¬ 
tic double bond is present. |_ q_| 


On fusion with potassium hydroxide, mycophenolic acid yields 
2-methylorcinol— 

OH 



2 -Mbthylorcinol (i : 5 -Dihydroxy -3 : 4 -dimbthylbbnzhnb) 


a substance previously synthesized by Simon (1903) in connection with 
the structure of cetraric acid, a lichen add obtained from Cetraria 
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Prolonged oxidation of the monomethyl ether with potassium 
permanganate gives a good yield of i : 5-dimethoxy-2 : 3 : 4 : 6- 
benzene tetracarboxylic acid anhydride— 

OCH 3 



1 : 5-D1METHOXY-2 : 3 : 4 : 6-benzenb Tetracarboxylic Acid Anhydride 

Further information on the structure of the acid was obtained follow¬ 
ing attack on the aliphatic double bond by means of ozone. Birkin- 
shaw and his co-workers (1948) showed that ozonolysis of mycopheno- 
lic acid gave levulic acid, CH 3 CO.CH 2 .CH 2 .COOH, and an aldehyde 
C 12 Hi 2 O s , containing two methoxy groups. 

Ozonolysis of the monomethyl ether gave levulic acid, and an 
aldehyde, C 13 H 14 0 5 , containing two methoxy groups. 

Ozonolysis of the monomethyl ether of methyl mycophenolate 
produced methyl levulate CH 3 CO.CH 2 .CH 2 .CO.O.CH 3 , and the 
aldehyde Ci 3 H 14 0 6 . 

From these results it is clear that the aromatic nucleus of myco- 
phenolic acid contains one methoxy group and one phenolic group. 
It also contains a side chain, which appears as levulic acid on ozonolysis 
of the free acid, and as methyl levulate on ozonolysis of the ester. 
Thus the free carboxyl group in mycophenolic acid is situated at the 
end of a side chain. 

On Kuhn-Roth oxidation it was shown that mycophenolic acid 
contains two carbon-methyl groups, whereas the aldehyde C 13 H 14 0 6 
contains only one. Further the aldehyde C 13 H 14 0 6 is oxidized to an 
acid C 13 H 14 0 6 by alkaline iodine, and an acetylation yields the mono¬ 
acetate of the enolic form. Hence in the aldehyde C 13 H 14 0 6 the alde- 
hydic group is attached to the benzene nucleus through a methylene 
group. These results indicate that the side chain present in myco- 

phenolic acid is— CH 

I 

HOOC.CHj.CHj—C=CH.CH,— 

and on ozonolysis fission takes place at the double bond, producing 
levulic acid and the aldehyde C 12 H 12 0 6 . This aldehyde contains one 
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phenolic group, one methoxy group and one methyl group (shown 
by the result of the Kuhn-Roth oxidation). 

Two of the remaining carbon atoms in the aldehyde Ci 3 H 14 0 6 are 
present in a lactone ring as is shown by the following facts. The acid, 
Ci 3 Hi 4 0 6 , produced by oxidation of the aldehyde titrates in the cold 
as a monobasic, but on heating as a dibasic acid. When the acid is 
further oxidized by potassium permanganate it yields a new acid, 
Ci 3 H 12 0 7 , which titrates sharply in the cold as a tribasic acid. The 
simplest explanation of these facts is that the aldehyde C 1 3H 14 0 6 
contains a grouping —CH 2 .CHO which becomes —CH 2 .COOH in 
the acid C 13 H 14 0 6 ; and that it also contains a grouping —CO which 

> 

—CH 2 

is not affected by the first oxidation but is oxidized by potassium 
permanganate to the anhydride grouping —CO in the acid C 13 H 12 0 7 . 

>° 

—CO 

This grouping is opened at once by cold alkali to give the 
two carboxyl groups, which with the pre-existing CH 2 .COOH group 
account for the tribasicity of the acid. 

Mycophenolic acid may thus be represented as a benzene ring in 
which all the six positions are occupied. Two of the positions are 
occupied by the lactonic phthalide grouping— 



The other groups present are: one methyl, one hydroxyl, one 
methoxy, and the side chain HOOC.CH 2 .CH 2 .C(CH 3 )=CH.CH 2 . 

The result of potash fusion showed that the hydroxyl and methoxy 
groups are meta to each other, and that two of the groups capable of 
yielding methyl groups under the conditions of potash fusion are 
vicinal to each other. There are three such groups, the pre-existing 
methyl group, the side chain, and the primary alcoholic group, 
CH 2 OH, resulting from opening of the lactide ring. Further, a partial 
decision as to which of the two phenolic groups is methylated can be 
reached by recalling that mycophenolic add gives a deep-blue ferric 
chloride colour. This suggests that the hydroxyl group is ortho to the 
carbonyl group of the lactide ring. This is supported by the blue 
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colour given rapidly by normycophenolic acid with 2 : 6-dichloro- 
quinone chloroimide, a colour not given by mycophcnolic acid 
itself. The rapid colour is given by substances containing hydrogen 
or carboxyl para to a hydroxyl group, a condition found in the 
proposed structure of normycophenolic acid, but not of mycophenolic 
acid. 

Two formulae for mycophenolic acid account for the above facts— 

CH 3 

| OH 

HOOC.CH 2 .CH 2 .C = CH.H 2 C I CO 



H 3 CO | CH> 

CH 2 .CH = C.CH 2 .CH 2 .COOH 


ch 3 

Possible Formulae for Mycophenolic Acid 


Of these structures the first is preferred because it contains the 
methyl group orientated as in methyl orcinol. It is known that migra¬ 
tion of groups can occur during potash fusions, but the first structure 
has the advantage of not insisting on such a transformation. 

If this formula is correct mycophenolic acid becomes 6-hydroxy-4- 
methoxy-3-methyl-5-(5 , -carboxy-3'-methylpent-2'-enyl) phthalide. 

The production of 3 : 5-dihydroxyphthalic acid, the acids 
C 10 H 10 O 6 , C 10 H 10 O 6> and C 10 H 10 O„ and mycophenolic acid by 
strains of the Penicillium brevi-cotnpactum follows an interesting course 
(Oxford and Raistrick, 1933 )- The products produced in greatest 
quantities are mycophenolic acid (if present) and the acid C 10 H 10 O 7 . 
The yields of the acid C 10 H 10 O 6 are smaller. The acid C 10 H 10 O 5 is 
produced in small amounts, and only during the early days of the 
metabolism. The quantity of 3 : 5-dihydroxyphthalic acid is always 
small but it increases steadily throughout the growth period. One of 
the species occurring in the P. brevi-compacta, namely Penicillium 
stoloniferum , produces mainly the acid C 10 H 10 O 6 . 
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The quantity of mycophenolic acid increases continually during the 
whole course of the metabolism, but a large proportion of it is pro¬ 
duced during the first eight days before growth is complete and it 
collects in the mycelium. On the other hand the yield of the acid 
C 10 H 10 O 7 is trifling at first even after eleven days, and the last 40 per 
cent of the final yield appears only after all the glucose has been 
metabolized. The acid C 10 H 10 O 6 has a production curve similar at 
first to that of mycophenolic acid, being found in its greatest quantity 
very early in the metabolism (after eight days). However, unlike 
mycophenolic acid it then disappears gradually, none being left at the 
time when the acid C 10 H 10 O 7 has reached its peak of production. The 
acid C 10 H 10 O 6 appears to be an intermediate, and the acid C 10 H 10 O 5 
also appears to be an unstable metabolic product. On the other hand 
dihydroxyphthalic acid appears to be a stable oxidation product of the 
other acids. 

The production, and the inter-relationships between these acids 
suggest very interesting reflections on the enzyme systems responsible. 
However, it is still more interesting that a striking loss of enzymic 
powers is shown by this group of organisms. A freshly isolated strain 
of Petiicillium stoloniferum produced a good yield of mycophenolic acid. 
A type species kept for some time in artificial culture no longer 
produced the acid. Similarly a fresh strain of Petiicillium brevi-compactum 
gave good yields of mycophenolic acid, whereas the culture used in 
1913 to produce mycophenolic acid, no longer gave the acid after 
twenty years of maintenance in artificial culture. Instead it gave the 
largest yields of the other four acids. All this suggests that a greater 
enzymic effort is required to produce mycophenolic add, than is 
required to yield the simpler adds and that in artificial culture an 
essential link in the enzymic chain is broken. 

Several other simple benzenoid compounds have been isolated from 
moulds, some of which are related to those just noted. One of these 
is ustic add, C u H 12 0 7 , the most probable structure of which is given 
by Raistrick and Stickings (1950) as the following— 

OH 



Usnc Acid 


*3 (T.510) 
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Despite its close relationship to the C 10 acids ustic acid is not pro¬ 
duced by a species of Penicillium but by Aspergillus ustus. Ustic acid 
forms colourless prisms from ethyl acetate—benzene, melting at 167°, 
and gives a purple ferric chloride colour. 

Another substituted resorcinol derivative (not an acid) is produced 
by strains of Aspergillus clavatus. This is the substance clavatol, 
CioH 12 0 3 , colourless needles, melting at 183°, from aqueous methanol. 
Clavatol has been shown to possess the following structure, a structure 
confirmed by synthesis by Hassall and Todd (1947)— 


OH 



HO | 

COCH3 


Clavatol 

A more complex mould metabolic product will now be noted. 
Citromycetin, C 14 H 10 O 7 .2H 2 O (Hetherington and Raistrick, 1931) is 
a yellow crystalline product obtained from several species of Penicillium 
including Penicillium glabrum and Penicillium Pfefferianutn. Citro¬ 
mycetin is isolated from the metabolism solution by acidification and 
evaporation, and re-crystallization of the material which separates from 
50 per cent ethanol. It forms lemon-yellow needles melting with 
decomposition at 283°-285°. It is not very soluble in organic solvents 
but dissolves readily in sodium bicarbonate solution with liberation of 
carbon dioxide. It gives an intensely olive-green ferric chloride 
reaction and a green fluorescence with concentrated sulphuric acid. 
It reduces cold ammoniacal silver nitrate solution. 

Preliminary chemical findings were that it is obtained as a dihydrate, 
the empirical formula being C 14 H 10 O 7 .2H 2 O; it is optically inactive; 
it contains neither a reactive carbonyl nor a methoxy group; it 
behaves as a carboxylic acid and easily loses carbon dioxide under a 
variety of heating conditions; it forms a well-defined potassium salt 
C 14 H 9 0 7 K.H 2 0 (yellow needles) and barium salt (C 14 H 9 0 7 ) 2 Ba.3H 2 0 
(orange plates). Citromycetin also has well-defined basic properties 
forming a hydrobromide, C 14 H 10 O 7 .HBr (dark orange prisms decom¬ 
posed by water), and its derivatives exhibit the same properties. 

Citromycetin is readily acetylated giving a crystalline diacetate 
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which is acidic. On complete methylation with methyl sulphate it 
yields a trimethyl derivative, saponification of which yields an acidic 
dimethyl ether. These derivatives are both crystalline. The first is 
quite clearly the methyl ester of the second which is a dimethyl ether, 
O-dimethyl citromycetin, C 13 H 6 0 7 (0CH3) 2 C00H. The trimethyl 
derivative, C 13 H 6 0 7 ( 0 CH 3 ) 2 C 00 CH 3 , methyl O-dimethyl citro¬ 
mycetin, is sufficiently basic to yield a well-formed picrate and platini- 
chloride and less well-defined perchlorate and hydroferricchloride. 

On oxidation with lead tetra-acetate, methyl O-dimethyl- 
citromycetin yields a carbinol, methyl-O-dimethylcitromycetinol, 
C 17 H 10 O 8 , which on chromic acid oxidation yields the ketone, 
methyl-O-dimethylcitromycetdnone, C 17 H 14 O 0 . This same ketone is 
formed on chromic acid oxidation of the parent trimethyl derivative. 
These substances arise in all probability from a reactive methylene 
group, CH 2 , which in the carbinol becomes =CHOH, and in the 
ketone becomes =C : O. 

The derivatives seem to show that citromycetin contains two 
phenolic hydroxyl groups, one carboxyl group, and one reactive 
methylene group. Its basic derivatives indicate the presence of* a 
heterocyclic system containing oxygen. 

The final structure of citromycetin has been elucidated by Robert¬ 
son and his colleagues following degradation of citromycetin and its 
derivatives but the proposed structure has not yet been confirmed by 
synthesis. 

The fact that citromycetin is a carboxylic acid is confirmed by the 

ease with which it loses carbon dioxide to give the decarboxylated 

product citromycin, C 13 H 10 O 6 . This degradation occurs on heating 

citromycetin with alkalis, acids, or glycerol containing bronze powder. 

Citromycin forms pale yellow-green needles from methanol melting 

at 296°-298° (dec.). It gives a strong brown ferric chloride reaction 

and is insoluble in sodium bicarbonate solution. It gives a diacetate and 

an O-dimethyl ether as does citromycetin but these of course are not 

acidic. Citromycin is less acidic than citromycetin. Thus its potassium 

salt is that of a doubled molecule, C 13 H 10 O 6 .C 13 H 9 O 6 K. Citromycin 

hydrobromide, C 13 H 10 O 6 .HBr and hydriodide, Ci 3 H 10 O 6 .HI are well- 
defined products. 

The O-dimethyl ether of citromycin contains one active hydrogen 
atom pertaining to the reactive methylene group, but no free hydroxyl 
group. On oxidation with ozone in chloroform solution it is oxidized 
to the carbinol, O-dimethylcitromycinol. C^H^O*, and also to the 
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ketone O-dimethylcitromycinone, C 16 H 12 0 6 (Robertson et al. t 1949). 
These products are also formed when lead tetra-acetatc or chromic 
acid are used, in a similar manner to the corresponding oxidation 
involving citromycetin. 

On alkaline hydrolysis O-dimethylcitromycin gave 2-hydroxy- 
4: 5-dimethoxybenzoic acid, and similarly alkaline hydrolysis of 
O-dimethylcitromycetin under conditions which precluded decar¬ 
boxylation gave 3-hydroxy-5 : 6-dimethoxyphthalic acid. 


H 3 CO COOH 



H 3 CO OH 

2-HYDROXY-4 : 5-DIMETHOXYBENZOIC 

Acid 


COOH 



3 -Hydroxy-5 : 6 -dimethoxyphthalic 

Acid 


This result serves to characterize the aromatic ring in citromycetin 
and citromycin. A second important degradation product is that 
obtained on acid hydrolysis of O-dimethylcitromycinone. This 
product was shown to be 4-hydroxy-6 : 7-dimethoxy-3-acetoacetyl- 
coumarin— 


H 3 CO O 



h 3 co | co.ch 2 .co.ch 3 

OH 

4 -Hydroxy -<3 : 7 -dimethoxy-3-acetoacbtylcoumarin 


When this compound is treated with concentrated sulphuric acid 
cyclization takes place and O-dimethylcitromycinone is regenerated. 
This change is best regarded as one not involving the stable lactone 
system but the more labile carbonyl group in the side chain. This then 
indicates that O-dimethylcitromycinone has an angular structure and 
its formation takes the following course— 
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HO.C 



O-dimethylcitromydnone 



The structure of citromycinol was deduced following very mild 
alkaline hydrolysis when O-dimethylcitromycinol was found to give 
two products, one a derivative of y-pyrone, and one a triketone. 
The y-pyrone proved to be 2-methyl-<S-(2-hydroxy-4 : 5-dimethoxy- 
phenyl)-y-pyrone and the triketone was its hydrolysis product, i-(2- 
hydroxy-4 : 5-dimethoxyphenyl) hexane-i: 3 : 5-trione. These pro¬ 
ducts are accounted for by assigning the formula below to citro¬ 
mycinol and following the hydrolysis as shown— 
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The formulae of citromycetin and its derivatives follow from these 
facts since the position of the reactive methylene group is clearly that 
occupied by die carbinol grouping in the formula just given for 
O-dimethylcitromycinol. 


HO O H a CO O 



CH 3 ch 3 


citromycetin O-dimethyldtromycin 

methylation and 
oxidation 

'' 


H 3 CO o h 3 co o 



methyl O-dimethyldtromycctinol methyl O-dimethyldtromycetinone 


The structure of methyl-O-dimethylcitromycetinone is supported 
by its formation of a dioxime, and by the fact that on acid hydrolysis 
it gave the carboxylated analogue of that obtained from O-dimethyl- 
citromycinone. 



192 


THE CHEMISTRY OF MICRO-ORGANISMS 


The angular structure for citromycetin was confirmed by the 
synthesis of the reaction product of O-dimethylcitromycin and 
Grignard’s reagent. The product was shown to be 6' : 7'-dimethoxy- 
2 : 4-dimethylchromeno (3' : 4C5 : 6)-pyranol formed in the following 
manner— 


H 3 CO O 



CH 3 


O-dimethylcitromycin 


H 3 CO o 



ch 3 

product 

rearranges 


h 3 co o 

\/\/\ 

ch 2 



h 3 co | c— ch 3 

0 II 



h 8 c oh 

6': 7 '-dimcthoxy -2 : 4 -dimethylchromeno 

(3': 4'-5 :6)-pyranol 
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This key product was synthesized from acetylacetone and 6 : 7- 
dimethoxychroman-4-one as follows— 


H,CO 


O 


H,CO 


O 


7 

ch 2 

1 


v\ / 

1 — 

ch 2 

/ / 

»\ 




H*CO 


O 


6 : 7 -dimcthoxychroman- 4 -one 


CH. 


CH + HO.C—CH a 


H 3 CO 



CH 

OH / 

O = C—CH S 

acctylacctonc (enol) 


h 3 co o 

\/\/\ 

CH, 


/\/\/\ 

h 3 co 



6': 7 '-<limethoxy -2 : 4 -dime thy Ichromeno 
O' : 4 : S : 6)-pyranol 


This product was isolated in each case by way of the picrate. The 
natural and synthetic products were identical in melting point and 
mixed melting point, as were the respective picrates. 

This synthesis does not by itself exclude the possibility that O- 
dimethylcitromycin might have an alternative structure in which ring 
3 is based upon an a-pyrone— 



O 
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for such a compound would give the same pyranol on reaction with 
the Grignard reagent. However, this a-pyrone derivative was pre¬ 
pared during attempts to synthesize O-dimethylcitromycinone and 
was found to be isomeric but not identical with it. 

Thus although a complete synthesis of citromycetin has not yet 
been accomplished its structure appears to be well established. One 
can only speculate upon the value such an unlikely ring system can 
have in any biological system. 

The catechol nucleus found in one of the rings in citromycetin is 
found in two simpler metabolic products obtained from a Basidio- 
mycete (one of the higher fungi) grown as a mould on synthetic 
medium (Ralph and Robertson, 1950). The organism concerned is 
Polyporus tumulosus and the metabolism solution contains the two 
related substances, homoprotocatechuic acid, and 2:4: 5-trihydroxy- 
phenylglyoxylic acid— 

OH OH 



Homoprotocatechuic Acid 2:4: 5-Trihydroxyphenylglyoxylic 

Acid 


It is interesting to observe how the enzyme systems responsible for the 
two acids have produced extra oxidation in the ring, by introducing a 
hydroxyl group, and have at the same time oxidized the side chain 

from —CH 2 .COOH to —CO.COOH. 

Some of the higher fungi possess strong odours, some of which are 
due to volatile benzenoid compounds. The wood-rotting fungus 
Lentinus lepideus has been grown on artificial liquid medium, and the 
mixed metabolism solution and mycelium afforded, on steam distil¬ 
lation, small quantities of methyl-p-methoxycinnamate, and methyl 
cinnamate (Birkinshaw and Findlay, 1940)— 


CH = CH.COOCH 3 



H s CO 


CH=CH.COOCH 3 





Methyl Cinnamatb 


Methyl-/)-methoxycinnamate 
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Later, in 1944, the same group of workers showed that methyl anisate 
and anisaldehyde were mainly responsible for the odour of cultures of 
Trametes suaveoletts (Linn.)— 

COOCH3 CHO 



H 3 CO H s CO 

Methyl Anisate Antsaldehydb 

The material presented in this chapter illustrates the remarkable 
power possessed by micro-organisms, and especially the fungi, of 
producing aromatic substances from sugars. The methods by which 
this remarkable chemical feat is accomplished are left for consideration 
in the last chapter. 
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CHAPTER IX 


ALIPHATIC AND HETEROCYCLIC COMPOUNDS 


Both moulds and bacteria produce substances containing long, 
aliphatic carbon chains. In this chapter attention will be devoted to 
these substances and also to heterocyclic compounds, largely produced 
by moulds. 

The problem of tuberculosis is one which has a chemical, as well as 
a medical appeal because of the ability of pure chemists to investigate 
the problem from a therapeutic angle (Brownlee, 1948). The recent 
introduction of isomcotimc acid hydrazide, and the older use of p- 
aminosalicylic acid illustrate this interest. The tubercule bacillus, 
Mycobacterium tuberculosis , is most closely related to the Streptomycetes 
but it is more closely allied to the true bacteria than are the Strepto¬ 
mycetes. One of the chief characteristics of the mycobacteria is the 
property possessed by the cells of retaining certain dyes with extreme 
tenacity. When properly stained they are not decolorized even by 
ethanolic hydrogen chloride. For this reason they are described as 
“acid-fast.” Attempts have frequently been made to establish which 
part of the cell, and what chemical constituents of it, are responsible 
for acid-fastness. As a result of this work, several novel aliphatic com¬ 
pounds have been isolated from this organism. 

Much of the earlier work was carried out by Anderson and his 
colleagues (Anderson, 1932, 1941), who grew the organisms on a 
synthetic medium, extracted the cells with ethanol-ether and treated 
the extract with chloroform and acetone. The material was thus 
divided into three fractions, glycerides, phosphatides, and wax. 
Polysaccharides and a base precipitated by mercuric chloride were also 

present. 

Interesting products were found in the phospholipin fraction since 
it contained saturated and unsaturated fatty acids, glycerophosphate, 
and, after hydrolysis, mannose and inositol. Among the acids were 
palmitic, linoleic, and linolenic acids, and also two new fatty acids. 
One was optically active and was a liquid. It was designated phthioic 
acid” and was given the empirical formula C^H^.COOH. The o er 
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add, tuberculostearic add, C 18 H 37 .COOH possesses the following 
structure (Prout et ah, 1948)— 

CH 3 .(CH 2 ) 7 .CH(CH 3 ).(CH 2 ) B .COOH 

Tuberculostearic Acid (io-Methylstearic Acid) 

Recent work has shown that Anderson’s phthioic acid is a complex 
mixture (Brownlee, 1948; Chanley and Polgar, 1950). The major 
component is said to be a C 27 unsaturated acid by American workers 
(Cason and Sumrell, 1950) and they have designated it “C 27 -phthienoic 
add” with the structure— 

CH 3 .(CH 2 ) 3 .(CH 2 ) x .CH(CH 3 ).(CH 2 ) 14 _,.CH(CH 3 ).CH 2 CH : C(CH 3 ).COOH 

C 17 -Phthienoic Acid 

English workers (Polgar and Robinson, 1945, 1951) on the other hand, 
dealing possibly with the same add, but naming it “mycolipenic 
add-i” give it the structure— 

CH 3 (CH 2 ) n .CH(CH 3 ).CH 2 .CH(CH 3 ).CH: C(CH 3 ).COOH 

Mycolipbnic Acid-I, C t7 H 4l .COOH 
(rt is probably seventeen) 

These branched-chain fatty adds appear to be involved in the 
tubercle-forming properties so characteristic of the organism. Thus 
when a preparation rich in “phthioic acid” is injected into guinea-pigs 
it produces the nodules and caseous lesions characteristic of tuberculosis 
(David et ah, 1949). Liquid fatty adds closely related to those found 
in the organism have been synthesized by Polgar et ah (1949) and have 
a similar property. These adds were 3 : 12 : 15-trimethyldocosanoic 
add (2: 11 : 14-trimethyldocosanoic add) and the corresponding 
2 : 12 : 15-trimethyldocosanoic acid (1 : 11 : 14-trimethyldocosoic 
add)— 

CH 3 (CH 2 ) e .CH.CH 2 CH 2 .CH.(CH 2 ) 8 .CH.CH a .COOH 

I I I 

CH a CH 3 CH a 

3 :12 : is-Trimethyldocosanoic Acid, C I 4 H 4 ,.COOH 

CH 1 (CH 2 ) fl .CH.CH a CH 2 .CH.(CH 2 ) 9 .CH.COOH 

I I I 

CH a CH a CH 3 

2:12: is-Trimbthyldocosanoic Acid, C 14 H 4 ,.COOH 

Polgar et al. investigated the effects of several related acids. Only 
those with three methyl branches, one of which was near the carbonyl 
group, possessed marked activity. 

A purified portion of the unsaponified wax found in the tubercle 



198 THE CHEMISTRY OF MICRO-ORGANISMS 

bacilli had a melting point of 200°-205°. It was acid-fast and con¬ 
tained 56 per cent of mixed higher alcohols. The importance of the 
fact that this fraction was acid-fast should not be overstressed. Acid¬ 
fastness is a more complex phenomenon than one which would be 
associated with a single purified fraction of an extract of the cells. It 
appears to be a property of the membrane or outer shell as a whole. 
This allows the dye to pass through the cell wall, but will not allow 
the complexes formed by the dye, the cell contents, and the reagents 
used in the dying procedure, to pass out again. 

Two other materials present in extracts of tubercle bacilli may be 
mentioned although they are not long-chain aliphatic substances. Part 
of the protein content has been purified and has been identified as the 
active agent in tuberculin, which thus arises from autolysis of the cells. 
The acetone-soluble fat extracted from human tubercle bacilli contains 
a yellow pigment, phthiocol, C n H 8 0 3 , (Anderson and Newman, 
J 933 > ! 94 °) which is one of the few naphthoquinones found in micro¬ 
bial metabolism. It is 3-hydroxy-2-methyl-i : 4-naphthoquinone— 

O 



Phthiocol 


Phthiocol is of interest because of its close relationship with vitamin 
K. In vitamin K x the methyl group above is replaced by the long side 
chain, —CH 2 CH=C(CH3)[(CH 2 )3CH(CH3)] 3 CH3, and in vitamin K 2 
by the side chain, —CH 2 [CH=C(CH 3 )CH 2 CH 2 ] 5 CH=C(CH 3 ) 2 . The 
K vitamins are concerned in blood-clotting reactions, and phthiocol 
shows an activity which is comparable with that of these substances. 
The K vitamins are not produced by micro-organisms. 

A long-chain fatty acid of an unusual type has been isolated from a 
Streptomycete, Norcardia acidophilus (Johnson and Burdon, 1947 ). 
purified and characterized by Celmcr and Solomons (1952). This 
substance, mycomycin, C 13 H 10 O 2 , is an antibiotic containing allene, 
diacetylene and conjugated diene groupings. Its structure has been 
shown to be the following— 

hc=c.c=c.ch=c==ch.ch=ch.ch==ch.ch 2 .cooh 

Mycomycin 
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As might be expected from such a structure, mycomycin is unstable, 
the crystalline substance having “a half-life of 3 hr at 27 0 ” and ex¬ 
ploding violently at its melting point of about 75 °. It is optically active 
[a]ff = — 130°, the unique allenic function being responsible for 
this. It undergoes an unusual rearrangement on treatment with cold 
aqueous alkali, the allene grouping being converted into an acetylenic 
grouping, a dual acetylenic migration also taking place and a terminal 
methyl group being produced. The product is isomycomycin— 

H 3 C.C=C.C=C.C=C.CH = CH.CH = CH.CH 2 .COOH 

woMycomycin 

Although acetylenic compounds are not unknown in Nature (cf. 
Sorensen, 1953) they are sufficiendy rare for this to be a noteworthy 
feature of the chemistry of mycomycin. 

A brief mention may be made of another Streptomycete long-chain 
product, actinomycin J 2 , C 30 H 5S O 3 . This was obtained from cultures 
of Actinomyces flavus by Hirata and Nakanishi in 1949 and shown to be 
identical with Waksman and Woodruff’s Actinomycin B. Actino¬ 
mycin J 2 is the dodecyl ester of 5-ketostearic acid— 

CH 3 .(CH 2 ) 12 .CO.(CH 2 ) 3 .CO.OC 12 H 25 

Actinomycin J a 

Citric Acid Derivations 

One of the most characteristic substances produced' by moulds is 
citric acid, and it is noteworthy that several long-chain acids, based 
upon citric acid, have been isolated from species of fungi. 

Three of these acids are closely related. These are spiculisporic acid 
and y-ketopentadecoic acid both isolated from the culture filtrate of 
Penicillium spiculisporum by Clutterbuck et al. y (1933) and minioluteic 
acid which was isolated by Birkinshaw and Raistrick (1934) (together 
with spiculisporic acid) from Penicillium minio-luteum. 

Spiculisporic acid, C 17 H 28 O e , forms long silky platelets from boiling 
water, and is isolated from the metabolism solution by simple acidi¬ 
fication, collection of the crystals, and recrystallization from water or 
ether—petroleum. It melts at I45°-i 4 6° and is laevorotatory in 
ethanolic solution, [a]^ = — 14-76°. However, as with some 
other natural products (of which nicotine is an example), this optical 
rotation is reversed on forming the sodium salt and measuring the 
rotation in aqueous solution. In this case the rotation is + 14-98°, 
almost exactly reversing the previous figure. 



200 


THE CHEMISTRY OF MICRO-ORGANISMS 

Spiculisporic acid docs not show any of the reactions of an ethylenic 
double bond. Its nature as an acid lactone is made clear from the 
following facts. It titrates in the cold as a dibasic acid. On boiling 
with a measured excess of dilute alkali one extra acid group is revealed. 
The hydrolysis acid may be isolated by acidification and recrystal¬ 
lization of the product from ether-petroleum, when it forms square 
plates with a melting point of I 34 °-I 35 °- Its analysis is in good agree¬ 
ment with an empirical formula C 17 H 30 O 7 , which differs from that of 
spiculisporic acid, C 17 H 28 O e , by the molecule of water required to open 
the lactone ring. Similarly whereas mcthylation of spiculisporic acid 
yields an ester containing two methoxy groups, ethylation of the 
hydrolysis acid yields a triethyl ester. Finally acetylation of the 
hydrolysis acid gave an oily monoacetate, indicating the presence of 
one hydroxyl group. 

On oxidation of the hydrolysis acid, C 17 H 30 O 7 , in acetone solution 
with potassium permanganate, a crystalline acid was obtained which 
formed glistening scales from light petroleum, melted at 92-6°, and 
which did not depress the melting point of a synthetic specimen of 
y-ketopentadecoic acid, CH 3 (CH 2 ) 9 .CH 2 .CO.CH 2 .CH 2 .COOH. This 
result indicates that the hydroxyl group in hydrolysed spiculisporic 
acid is in the ^-position to the terminal carboxyl group. 

On potash fusion of spiculisporic acid the following products were 
obtained: lauric acid, CH 3 (CH 2 ) 9 .CH 2 .COOH, succinic acid, 
HOOC.CH 2 .CH 2 .COOH, oxalic acid, and carbon dioxide. The 
structure of spiculisporic acid, and its relation to its hydrolysis products 
may be written as follows, when their relationship to citric acid is 
clearly shown— 


CH 3 


ch 3 


(ch 2 ) 9 

ch.cooh 

I 

CH-1 

I 

CH.COOH 

I 0 

ch 2 

I 

CO-— 


+ H»0 
-> 


spiculisporic acid, 

C.rHt.O. 


(CH 2 ) 9 

i 

CH.COOH 

I 

CHOH 

CH.COOH 

CH 2 

COOH 

hydrolysis acid, 
C 1 t H I 0 O ; 


ch 3 

(CH 2 ) 9 


+ H,0 


CH 2 .COOH 

lauric acid 

CHjOj, ->■ co 2 + h 2 

formic acid 


CHo.COOH 

•» 

CH 2 -> oxalic acid 
COOH 

succinic acid 
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Spiculisporic acid thus becomes the lactone of 3-hydroxy-2 : 3- 
dicarboxypentadecoic acid. It may be noted that an alternative 
structure for spiculisporic acid has been put forward by Asano and 
Kameda (1941), namely— 

CH 3 

I 

(CH 2 ) 9 

CH.COOH 

I 

HOOC—C- 

I 

CH 2 

I o 

ch 2 

CO- 

Alternative Formula for Spiculisporic Acid (as Lactone 
op 3-HYDROXY-3 : 4-dicarboxypentadecoic Acid) 


The acid has not yet been synthesized so that a decision between these 
formulae is still awaited. 

The purification of crude spiculisporic acid may be carried out by 
recrystallization from water, or from ether—petroleum. When the 
latter mixed solvent is employed a small quantity of y-ketopentadecoic 
acid, QgHggOg, accumulates in the mother liquors. This acid, the 
oxidation product of spiculisporic acid, is thus formed with it, but in 
much smaller amounts by Penicillium spiculisporum. 

Minioluteic acid, C 16 H 26 0 7 , forms colourless needles melting at 171 0 . 
It is optically active, [a]g4 61 = -f- io8*i° in acetone. Like spiculisporic 
acid it is fully saturated, and titrates in the cold as a dibasic, but on 
heating as a tribasic acid. It is thus probably a lactone, and from its 
stability a y-lactone. On reduction with sodium amalgam it gives the 
y-lactone of i-hydroxy-3-carboxy-w-tetradecanoic acid, C 15 H 26 0 4 , the 
structure of which was confirmed by synthesis. On potash fusion it 
gives M-dodecanoic acid, decylsuccinic acid, C 14 H 26 0 4 , oxalic acid but 
no succinic acid. These facts are most easily explained by assigning to 
minioluteic acid the structure given below. Its relation to its break¬ 
down products is also shown in the formulae at the top of p. 202. 

Another long-chain derivative of citric acid is a metabolic product 
of two of the higher fungi. This is agaricic acid, C^H^O,, m.p. 142 0 , 
which has been proved to be cetyl citric acid, the structure of which 
is given below. It has been obtained from Polyporus officinalis and 

r 4 —(T.310) 
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CH 3 

(ch 2 ) 9 

I 

CH—CO 


I I Na.Hg 

ch 2 o «- 



reduction 


COOH 


CH 3 

I 

(CH 2 ) 9 

I 

HO.C--CO 

I I KOH 


CH.COOH O 
CH- 

I 

COOH 


- > 

fusion 


ch 3 

I 

(CH 2 ) 9 

ch 2 .cooh 

+ 

n-dodccanoic 

add 


y-lactone of i-hydroxy- miniolutcic add (y-lactone of 
3 -carboxy-n-tctradecanoic I : 2-dihydroxy-2 : 3-dicarboxy- 
ac id n-tetradecanoic add) 


ch 3 

(CH 2 ) b 

I 

CH.COOH 

CH 2 

I 

COOH 

decylsuccinic 

add 


Forties officinalis, and has been used therapeutically to treat the night 
sweats in phthisis (Birkinshaw, 1948). 

The link between fungal and lichen products is shown by the 
appearance of the same combination of a fatty acid and citric acid in 
two of the lichen acids. These are protolichesteric acid, Q9H32O4, 
m.p. 105°, [a] D = — 12-7°, obtained from Iceland moss, Cetraria 
islandica ; and caperatic acid, C 21 H 38 0 7 , m.p. 133-5°, which is the 
monomethyl ester of norcaperadc acid. Caperatic acid is found in the 
Japanese lichen Parmelia caperata. Proto-hchesteric acid is an un¬ 
saturated monobasic acid lactone. Norcaperatic acid is a myri sty lei trie 
acid. 

The structural formulae of these acids are as follows— 


ch 3 

1 

ch 3 



ch 3 

(CH 2 ) 16 

1 

(CH 2 ) 12 

1 



(ch 2 ) 13 

CH.COOH 

1 

CH 

| 



1 

CH.COOH 

1 

C(OH).COOH 

CH.COOH 

C 

) 

1 

1 

C(OH).COOH 

| 

CH, 

C- 

11 

1 

-CO 

ch 2 

1 

COOH 

II 

CH, 



1 

COOH 

Agaricic Acid 

Proto-lichesteric Acid 

Norcaperatic Acid 


The higher fungus, Endoconidiophora cocrulescens , produces an ester¬ 
like odour when grown in culture. The agents responsible for this 
odour have been isolated by Birkinshaw and Morgan (1950) and one 
of them is an aliphatic neutral substance again showing the long chain 
found in the previous substances. This product, an oil of boiling point 



ALIPHATIC AND HETEROCYCLIC COMPOUNDS 203 

I 73 °~i 76 ° at normal pressure, has been shown to be 2-methylhept-2- 
en-6-one, CH 3 .C(CH 3 ) = CH.CH 2 .CH 2 .CO.CH 3 . 

The other substance contributing to the odour of the fungus is 
wobutyl acetate. It may be noted here that ethyl acetate has been 
obtained as a metabolic product of Penicillium digitatum (Birkinshaw, 
Charles and Raistrick, 1931) and the presence of these esters among 
fungal metabolic products is an example of the biochemical relation¬ 
ships between higher fungi, moulds, and yeasts. 

The Tetronic Acid Group 

In the last chapter some details were given of a number of acids 
produced by Penicillium brevi-compactum and the comment was made 
that the production of such a series of closely related substances was 
typical of mould metabolism. Nothing illustrates the truth of this 
observation better than the tetronic acid series isolated from species 
of Penicillium, notably Penicillium Charlesii. 

The first of these substances to be mentioned here is the parent 

substance L-y-mcthyltetronic acid, C 5 H 6 0 3 (Clutterbuck et aL 1935) 
an unsaturated lactone— ' 

HO.C—CH 

P a 

h 3 c.ch c=o 

y \o/ 

L-y-METHYLTETRONIC A CTO 


°7 P r °P C u meS °/ 11115 acid are typical of those of the whole 
senes, others are absent Horn certain members, a fact which has on 

occasion been useful m assigning provisional structures. Most of the 

members of the senes are not only new as natural products, but are 
also new to organic chemistry. 

The properties of y-methyltetronic acid which may be regarded as 
typeal of the senes are: the formation of colour JcrystTS a 

as 7 7 Cat S ° U , bdlty m solvents > nota bly chloroform, as well 

as a more moderate solubilitv in water* _ 1 • • 

Ttssst r “ sx 

organic acid, such as giving a strong bfoe^dom wi S 5 Stt0n g 
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hydrolysis with twice-normal sulphuric acid. This reaction will be 
referred to again shortly. 

The reactions which are shown by y-methyltetronic acid and which 
may or may not be shown by other members of the series are: it 
gives a red colour with ferric chloride in aqueous solution; it gives a 
violet colour with sodium nitrite solution; it gives a prompt precipi¬ 
tate of the mono-2 : 4-dinitrophenylhydrazone on treatment with a 
dilute acidic solution of 2 : 4-dinitrophenylhydrazine. 

To isolate the products from the metabolism solution of Petiicillium 
Charlesii , the culture solution (Czapck-Dox or Raulin-Thom solution) 
was evaporated and extracted with chloroform (Clutterbuck et al, 
1934 )- Fractional crystallization of the extract led to the isolation of 
the following products: L-y-methyltetronic acid, carolic arid, caro- 
linic arid, carlic arid, and carlosic arid. A similar examination of the 
culture solution from Petiicillium terrestre yielded terrestric arid 
(Birkinshaw and Raistrick, 1936), and Petiicillium citierascetis produced 
dehydrocarolic acid and a trace of carlosic arid (Bracken and Raistrick, 
* 947 )- B should be stressed that with the exception of methyltetronic 
arid, all these products are new to organic chemistry, and that successful 
syntheses of them have not yet been accomplished. It seems to be 
probable from a study of the chemical nature of the tetronic acids that 
the moulds producing them differ by only one step in their enzymic 
powers, and that in Petiicillium Charlesii the products from intermediary 
enzyme systems are allowed to collect in the metabolism solution. 

The structure of methyltetronic arid has already been indicated. 
The structure is based on synthesis, and a most important feature is 
that on hydrolysis with twice-normal sulphuric arid the products are 
carbon dioxide and acetoin, which arise as follows— 

HO.C = CH HO.C = CH 

/ \ / \ 

H 3 C.CH CO -f H.o — H 3 C.CH jCOOjH -> 

X 0 / X OH 

methyltetronic acid 0 = C—CH 3 — C0 2 

/ 

ch 3 .ch 

^OH 

acetoin 

The appearance of acetoin as a breakdown product of methyltetronic 
arid (and of the other acids) is especially interesting in view of its 
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importance as a diagnostic substance (as acetylmethyl carbinol, its old 
name) in the coliform group of bacteria. 

Carolic acid, C 9 H 10 O 4 (Clutterbuck et al. 9 1935), forms colourless 

radiating needles melting at 132 0 and with [a]|J 61 = -f- 84° in water. 

On boiling with twice-normal sulphuric acid it hydrolyses at once to 

yield carbon dioxide, acetoin, and the lactone of 3-hydroxybutyric 

acid, HOOC.CH 2 .CH 2 .CH 2 OH. On bromination it yields a D-a- 

bromo-y-methyltetronic acid, C 5 H 6 0 3 Br, which is readily reduced by 

hydrogen over palladium to yield L-y-methyltetronic acid. This 

result suggested that carolic acid was produced by condensation of 

methyltetronic acid and butyrolactone with the elimination of one 

molecule of water. It was suspected that the a-position was involved 

and accordingly oc-acetyltetronic acid was synthesized and found to 

have properties completely analogous to those of carolic acid. The 

structures of acetyltetronic acid, and therefore of carolic acid are as 
follows— 


HO.C=C.COCH 3 

/ \ 

ch 2 CO 

\ O / 

Acetyltetronic Acid 


O 


C= 


h 3 c.ch 


c.co.ch 2 .ch 2 .ch 2 

CO 


o 


Carolic Acid 


Carolic acid may thus be regarded as the product of fusion of two 
heterocyclic nng systems, one seven-membered, and one five- 
membered, a most unusual combination. 

r t T \ VC r fr ° m Penicillium Charlesii is carolinic acid, 

• u°r 120°’ Whlch f ° rmS colourless crystals melting at 123 0 and 

- + «•. “ (Clutterbuck „ , 91 % ThL a "d 

tuxates as a dibasic and, and on acid hydrolysis yields carbon dioxide 
acetom, and succimc and. It gives the same bromination product as 
does carolic and. Thus carolinic acid differs from carolic acid only by 
Ae replacement of the hydroxybutyric acid part by succinic Jci/ 
Tim is made clear in the following formulae in which d“ onen 
hydrated form of carolic acid is compared with that of carolinic add- 


HC / = \ CO ' CH8 ' CHiCHjOH 
H 3 C.CH CO 

\ O / 

Cahouc Acid (Hydrated Form) 


HO / = \ C ° CH * CH ‘ COOH 
H 5 C.CH CO 

\ o 

Carolinic Acid 
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It is possible that the enzyme system in Petiicillium Charlesii produces 
carolinic from carolic acid by attacking the long side chain. In carlic 
acid (Clutterbuck et al 1935) an alternative point of attack has been 
found, and the carboxyl group is introduced into the y-position. The 
structures of the hydrated and anhydrous forms of carlic acid are 
shown in the following formulae— 


HO—C = C.CO.CHo.CH,.CH,OH 


HOOC.CHo.CH 


CO 


O 

Hydrated form 


-o- 

I 

O-C—CH.CO.CH 2 .CH 2 .CH 

/ / \ 

CO CH CO 

\ / \n/ 


CH, 


O 

Anhydrous form 
Carlic Acid 


Carlic acid, C 10 H 10 O 6 , forms colourless needles melting at 176° and 
having [a]|2 ei = — 160 0 . It is a strong dibasic acid, giving on very 
protracted acid hydrolysis two molecules of carbon dioxide, compared 
with one molecule obtained from carolic and carolinic acids. Further, 
on bromination and catalytic reduction (debromination) the product 
was L-y-carboxymethyltetronic acid— 

HO—C = CH 

/ \ 

HOOC.CH 2 CH CO 

\o/ 

L-y-CARBOXYMETHYLTETRONIC ACID 

The other products of acid hydrolysis of carlic acid were acetoin and 
butyrolactone, as with carolic acid, and in agreement with the above 

structure of carlic acid. 

To complete the series of acids obtained from Penicilliutn Charlesii 
the last member is carlosic acid, C 10 H 12 O 6 (Clutterbuck et al ., 1935 ). 
colourless needles, melting at 181 0 and having exactly the same 
rotation in water as carlic acid (—160°). In this acid the substituents m 
both the a- and the y-positions in carolic acid have been modified. 
The y-methyl group found in carolic acid is converted into a carboxy- 
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methyl group as in carlic acid, and at the same time the side chain on 
the oc-carbon is reduced to an M-propyl group. Accordingly the 
products on prolonged acid hydrolysis are two molecules of carbon 
dioxide as for carlic acid, one molecule of acetoin as in all the acids so 
far mentioned, and one molecule of H-butyric acid, signalling the 
change in the side chain. The products on bromination and subsequent 
debromination are the same as with carlic acid showing the identity of 
the tetronic acid nucleus in both acids. The structure of carlosic acid is 



Carlosic Acid 


Variants in the structure have been met with in the metabolic 
products of other Penicillia. Terrestric acid, C u H 11 0 1) was isolated 
from the metabolism solution of Penicillinm terrestrc Jensen (Birkinshaw 
and Raistrick, 1936). It forms fine colourless needles melting at 89° 
and with [ot]|J 61 = + 6l° in water. Its properties are remarkably 
similar to those of carolic acid, namely solubility in water together 
with a very great solubility in chloroform, the same orange colour 
with ferric chloride, and the same product on bromination, namely 
D-^-bromo-y-methyltetronic acid. On hydrolysis with twice-normal 
sulphuric acid it yields carbon dioxide (1 mole) and acetoin in the same 
way as does carolic acid, but the other hydrolysis product was not 
butyrolactone (the carolic acid hydrolysis product) but the L-isomeride 
of n-hexanolactone. Hence terrestric acid is to be regarded as an 
ethylcarolic acid, the structures of the anhydrous and hydrated forms 
corresponding to “those of carolic acid being as shown— 

HO.C=C.COCH 2 .CH a .CH(OH).CjH 5 
HjC.CH \o 

\ O / 

Hydrated form 

I 0 ) 

^C=C.COCH ! .CH a CH.C 1 H 6 

H 3 C.CH CO 

\ 0/ 

Anhydrous form 
Terrestric Acid 


I 
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Terrestric acid differs from the other acids in this series by possessing 
an asymmetric carbon atom in the side chain as well as in the nucleus. 
In the next acid to be considered, dehydrocarolic acid, C 9 H 8 0 4 , 
obtained from Penicillium cinerascetis Biourge, the mould enzyme 
systems have modified the structure in such a way as to leave no 
asymmetry so that this is the only acid in the series which is optically 
inactive. Since the modification to the molecule also concerns the 
y-position (the methyl group), this acid is the only one which does not 
yield acctoin on acid hydrolysis (Bracken and Raistrick, 1947). 

Dehydrocarolic acid is slightly soluble in water but very soluble in 
chloroform, and gives a colour (bright orange) with ferric chloride 
which is similar to that given by carolic acid. It also shares with 
carolic and terrestric acids a very typical colour reaction (deep bluish- 
red) with hot concentrated sulphuric acid. It differs from carolic acid 
in several important respects. Although it crystallizes well from non¬ 
polar solvents as fine platelets, it has a great tendency to polymerize to 
an insoluble resin. For this reason it has no true melting point. On 
acid hydrolysis it yields carbon dioxide and butyrolactone, as does 
carolic acid, but the third product is not acetoin, CH 3 CHOH.CO.CH 3 , 
but diacetyl, CH 3 CO.COCH 3 . However, when dehydrocarolic acid 
is catalytically reduced (to a DL-carolic acid) the degradation products 
are carbon dioxide, butyrolactone, and acetoin, as with carolic acid. 
An important clue as to the nature of dehydrocarolic acid was provided 
by the result of ozonolysis which yielded formaldehyde. This indi¬ 
cated the presence of a CH 2 : C= grouping. These results in con¬ 
junction with the general properties of the acid led to the following 
structure being assigned to it— 


HO.C = C.CO.CH 2 .CH 2 .CH 2 .OH 


f 


o 


H,C = C 


CO 


O 


C=C.CO.CH 2 .CH 2 .CH 2 

/ \ 

H 2 C = C CO 

\ O / 

Hydrated form Anhydrous form 

Dehydrocarolic Acid 


The existence of the hydrated form of the acid was shown by the 
formation in good yield of a mono-2 : 4-dinitrophenylhydrazone o 
the hydrate C 9 H 8 0 4 .H 2 0 , when an aqueous solution of dehydro¬ 
carolic acid was treated with 2: 4-dinitrophenylhydrazine in acid 

solution. 
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An interesting point concerns the acidity of dehydro car olic acid. 
In aqueous solution it is a strong enough acid to dissolve sodium 
carbonate with effervescence, and give a blue colour with Congo red 
paper. When it is dissolved in chloroform and shaken with sodium 
bicarbonate solution it does not pass at all readily into the alkaline 
aqueous phase. It may thus be reasonably assumed that the acidity of 
this, and the other acids in the series, is a property of the hydrated form, 
and that the anhydrous form is almost devoid of acidic properties. 

The structures of the tetronic acids are closely related to two other 
natural products, namely ascorbic acid (vitamin C) and penicillic acid. 

Vitamin C is a product of higher plants, as noted in Chap. IV, but 
it has also been obtained from culture filtrates of Aspergillus tiiger. 
The chemistry of this substance does not properly belong to this book, 
but its structure as a derivative of tetronic acid may be given here in 
comparison with that of carlosic acid— 


CH 2 OH 


H—C—OH 


CH 


C—OH 


W 

O 


C—OH 


CO 

As usually written 


HO.C=C.OH 



As a derivative of tetronic acid 

Ascorbic Acid 


compare 


HO.C=C.CO.CH a .CH 2 .CH 8 


H 


HOOC.C—CH 


CO 


H 


O 

Carlosic Acid 


W ? 7 C * ad ’ C*#. is a classic mould metabolic product. It 
was first isolated by Alsberg and Black as long ago as 1913 from 

cultures of Pentctlhum puberulum Bainier. It since been isolated 
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from several other moulds including Aspergillus ochraceous , Penicillium 
Thomii ., Penicillium suaveolens (Karow et al. t 1944), and in especially 
good yield from Penicillium cyclopium (Oxford and Raistrick, 1935). 
Cultures of the latter mould must be grown on Raulin-Thom’s 
medium for the production of penicillic acid. If Czapck-Dox medium 
is used the yields are negligible. The acid is readily isolated by 
evaporation of the culture filtrate in vacuo and allowing the warm 
concentrated solution to crystallize. The acid may be recrystallized 
from hot water as the hydrate C 8 H 12 0 6 , rhombic or hexagonal plates 
melting at 64°-65°, or from light petroleum as colourless needles of 
the anhydrous form C 8 H 10 O 4 melting at 83°-84°. Penicillic acid is 
a stable substance and like the other tetronic acids it is soluble in water 
and also in organic solvents. It forms a 2 per cent solution in water 
and is very soluble in chloroform. It differs from the tetronic acids 
(except dehydrocarolic acid) in being optically inactive, and differs 
from them all in giving no colour with aqueous ferric chloride. 

Penicillic acid is a powerful bacteriostatic agent but is not a bacteri¬ 
cide (Oxford, 1942). It is active against Gram-negative bacteria as well 
as Gram-positive organisms, but has a toxicity comparable with that 
of phenol (Oxford et al. , 1942). Its bacteriostatic activity (against 
Staphylococcus aureus) is of the order of one-hundred times that of 
phenol, however. 

The optical inactivity of penicillic acid recalls that of dehydro¬ 
carolic acid and, like it, penicillic acid contains one ethylenic double 
bond. It readily forms a stable crystalline dihydroderivative melting 
at 83°-85° and which crystallizes as the hydrate (m.p. 62°-64°) from 
water. Penicillic acid also resembles dihydrocarolic acid in yielding 
formaldehyde on ozonolysis. Since dihydropenicilhc acid does not 
yield this substance on ozonolysis it is concluded that penicillic acid 
contains its double bond in a terminal methylene grouping, H 2 C : C=. 
Other important preliminary results are that penicillic acid contains 
one methoxy group, and the anhydrous acid contains one acetylatable 
hydroxyl group, and one *'active hydrogen atom. The methoxy 
group is lost on standing overnight with decinormal alkali at 37 C, 
and ketonic properties are unmasked in the yellow solution. Penicillic 
acid titrates as a monobasic acid, and readily loses one molecule o 
carbon dioxide. On treatment with ethereal diazomethanc the acid is 
methylated and at the same time gains one molecule of diazomethane 


C 8 H 10 O 4 + 2CH 2 N 2 


C 8 H 9 O s .OCH 3 .CH 2 N 2 + N 2 
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Peniciilic acid forms a characteristic . derivative with phenyl- 
hydrazine on heating on the water bath. This substance, C 18 H 20 N 4 , 
was shown by Birkinshaw et al (1935) to have been formed by loss 
of carbon dioxide and the methoxy group, followed by formation 
of a pyrazoline derivative. The production of this substance was 
shown to be represented by the following scheme— 


Peniciilic acid 


loss of 


CO, and OCH, 


-> Substance C a H 8 0 2 


CH. 


CH. 


CH 2 =C.CO.CO.CH, + 2C„H 5 .NH.NH 2 -* CH,—CH—C—C—CH 


substance CJ-I.O, 

(2: 3 -diketo- 4 -methylenepentane) 


C c H 6 N 


N N.NH.CaH 




substance C lt H|*N 4 


On treatment of dihydropenicillic acid with hydriodic add the 
product was 3~hydroxy-4-methylhexanoic acid— 


CH 


CHX 


,X >CH. 


CHOH.CH 0 .CH 0 COOH 


showing that the carboxyl group in peniciilic acid is in the ^-position 
to one of the keto groups. The position of the methoxy group was 
shown by oxidation of dihydropenidllic acid by potassium perman¬ 
ganate or ozone when the product was methyl dimethylpyruvate— 

ch 3X 

^CH.CO.COOCHj 


The formation of 3 -hydroxy- 4 -methylhexanoic add and methyl 
dimethylpyruvate from dihydropenicillic add suggests that this add 
and by inference peniciilic acid, possesses an open-chain structure.’ 
However, physical evidence, notably the ultraviolet absorption 
spectrum suggest that a closed ring (the tetronic add system) is 
present (Shaw, 1946; Raphael, 1947). The existence of the “open” 
torm is unnecessary except as an intermediate stage in the degradation 

ihvdron 5“ T d f kgradation of penidllic add, and of 

dihydropenicillic acid may thus be represented as follows— 
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H,CO—C = CH 


CH,—C.C—OH CO 


H,CO—C = CH 


h. 


CH 


CH 




O 



CH 


C—OH CO 
O 


pcnicillic add 
(lactol form) 


rearrangement 


ch 3 

dihydropenicillic add 
(lactol form) 


rearrangement 


H 3 CO 

\ 

C = CH 

/ \ 

JC—C = 0 COOH 
CH/ 

penirillic add 
(open form) 


treat with 

C,H,NH.NH,: loss 
of CO, and OCH, 


CH 


CH 



H,CO 


C = CH 

/ \ 

CH—C = 0 COOH 


dihydropcnidllic add 
(open form) 


HI reduction 


H,C 


O 

\ 

c— ch 3 

/ 

c—c=o 


KMnO, 

oxdn. 


/ 


ch 2 —ch 2 
CH 3X / \ 

)>CH—CHOH COOH 
CH/ 

3-hydroxy-4-methylhcxanoic add 


ch 2 

substance C,H, 0 , (2 : 3- 
diketo-4-methylcnepcntane) 


h 3 co 

\ 

CO 

ch 3X / 

)>CH—CO 
CH/ 

methyl dimethylpyruvatc 

Peniciluc Acid Reduction and Degradation 

These structures of both dihydropenicillic acid and penicilhc acid 
have been fully confirmed by their synthesis by Raphael (i 947 » I 94^)- 
The starting point was the commercially available methylallyl alcohol 

CH SX 

/C.CH 2 OH 

CH/ 
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oxidized 


CH 


CH 


> 


C.CH: O 


The aldehyde was condensed with sodium acetylide- 

CH, 


CH 3 


\ 




/C-CH : O + NaC : CH -> >C.CH(ONa)C : CH 

ch 2 ^ cn/ 

and the product, the sodium salt of isopropenylethynylcarbinol was 
carboxylated to the corresponding acid— 

ch 3X 

J>C.CH(OH).C C.COOH 

ch 2 ^ 

namely 3 -hydroxy- 4 -methylpent- 4 -en-i-yne-i-<arboxylic acid. 

When this acid was converted into the methyl ester, it reacted 

vigorously with methanol in the presence of a boron trifluoride— 

mercuric oxide—trichloroacetic add catalyst to yield a neutral 
lactone 


CH 


3\ 


MeOH CH* 


CH. 


>C.CH(OH).C : C.COOH ^ 



c=c 

\ 

CO 


\ / 

OH OCH s 


och 3 


catalyst -+• 
McOH 


och 3 


ch 3 . 



C=CH 

_ \ elimination 

yC—CH CO «- 

CH 2 ^ \ o / of CH,OH 
the neutral lactone 


C=CH 

CH ^\ / \ 

CH/' \ / 

OH OCH s 


The neutral lactone is the lactone of 3-hydroxy-2-methoxy- 4 -methvl- 

add - 11 “ convert ed Seedy into 

JSS55S stszss? 1 - 
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H,CO.C = CH 


CH. 


CH 


X 

/ 


C—CH 


CO 


CH 


CH 3 


2 N O 

neutral lactone 


H,CO.C = CH 



CH—C 

\ 

o 


CO 


CH 


CH 


H 3 CO.C = CH 
C = C \o 

J 

o 

lactone I 
H,0 

h 3 co.c=ch 


CH 


CH 


C = C 


CO 


OH 

intermediate products 


OH OH 


CH 


CH 3 


H,CO.C=CH 


CH—C—OH CO 

O 


DrHYDROPENICILLIC ACID 


The “lactone I” above can be isolated in good yield if the sodium 
hydroxide is replaced by a dilute solution of a weak base such as 
ammonia. This observation not only serves to give support for the 
above scheme: it also makes available the essential substance used as 
the starting point in the synthesis of penicillic acid itself. 

The lactone I above was treated with N-bromosuccinimide to give 
the corresponding monobromolactone— 

H 3 CO.C = CH CO 

\ / \ 

CO + BrN CH a 



lactone I (lactone of 
3-hydroxy-2-methoxy- 
4-mcthylpcnta-i : 3-dicne- 
i-carboxylic acid) 

N-bromo- 

succinimidc 




H s CO.C=CH CO 

HjCx / \ / \ 

\c=C CO + HN CH 2 
BrH 2 C/ \ o / 

monobromolactone (lactone of 

3-hydroxy-2-mcthoxy-4-bromo- 

mcthylpenta I : 3-dienc-i-car- CO 

boxy lie acid) . . ., 

succininide 
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The monobromolactone yielded a quaternary bromide on treatment 
with trimethylamine— 


H s COC=CH h 3 coc=ch 

CH 3 —C=C CO + (H,C),N -> CH 3 —C =C 

I \ o / +1 \ O 

BrCH 2 (H 3 C) 3 NCH 2 ° 

bromolactone Br - 

quarteraary bromide 


Finally on boiling an aqueous solution of the quaternary bromide 
with magnesium oxide, trimethylamine was evolved and penicillic 
acid formed in 87 per cent yield. This reaction involves a certain 
amount of rearrangement which proceeds along the following lines. 
The bromine atom is first hydrolysed, a quaternary hydroxide being 
formed. The ring then opens and rearranges, finally closing again in 
the tetronic acid ring system in penicillic acid. 


H 3 CO.C=CH 
CH 3 —c=C—OHCO 

(H 3 C) 3 N-CH 2 ^ 0 
OH' 

quaternary hydroxide 


CH r 

(H 3 C)„N- 

OH 


H 3 CO.C=CH 

/ \ 

C=c COOH 

CHj NV ° H 


cnolic form 

IN 


h 3 co.c=ch 

H 3 C-CH-o1oHCO __ 

. + r\ / rearrangement 

(CH,) 3 N—CH S 
OH- 



H a CO.C=CH 

H 3 C—CH —Q 'co 

(CH 3 ) 3 N—CH a X ° * 
OH- 

ketorne form 



(ch,) 3 nhoh + 


H s CO.C=CH 

CH >\ / \ 
yc—c— oh co 

\o 


ch 3 



pcnidllic add 
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Substances related to those above have been synthesized by similar 
methods by Nineham and Raphael (1949). Thus the phenyl analogue 
of penicillic add— H 3 CO.C=CH 

/ \ 

C„H 5 —C—OH CO 

\ O / 

Phenyl Analogue of Penicillic Acid 

was obtained from phenylethynylcarbinol by carbonation, esteri¬ 
fication, and then treatment with methanol and the boron trifluoride— 
mercuric oxide—trichloroacetic acid catalyst used earlier to give the 
lactone— H 3 CO—C=CH 

/ \ 

C 6 H 5 —CH CO 

\o/ 


corresponding to the similar neutral lactone isolated as part of the 
penicillic acid synthesis. The lactone was brominated and hydrolysed 
to give the phenyl derivative above. 

It is worth recording that whereas the phenyl analogue possessed 
only about one-quarter of the anti-bacterial activity of penicillic acid, 
the lactone was more than thirty times as active. 

Three heterocyclic substances may now be mentioned which 
contain an oxygen atom as part of the ring as is the case in the tetronic 
acid series. The first of these is an acid, CeHeO^ 2-hydroxymethyl- 
furan-5-carboxylic acid, obtained by Sumiki from several species of 
Aspergillus including A. glaucus , A. tiiger y A. wentii , A. clavatus , and 
A. oryzae. Sumiki (1929) assigned the following structure to this acid 
from which it may be observed to be derived formally from the 


furanose form of glucose- 


HC= 


COOH 

/ 

C 

\ 

o 


HC=C 


CH,OH 


compare 


/ 


OH 


H 


OH 
OH H 



H 


\ 

O 

/ 


H 


G 

H—C—OH 

^CHjOH 


d-Glucofuranoside 


Acid C,H,0* 
(Sumiki) 
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In Sumiki’s add the five-membered ring of the tetronic add series is 
retained. In kojic add, and patulin, C 7 H 6 0 4 , the ring is 

expanded to contain six atoms and they are accordingly derivatives of 
y-pyrone. 

Kojic add, like penicillic add is one of the more historic of mould 
products, first being isolated in 1907 by Saito from Aspergillus oryzae. 
It gives a fine blood-red colour with ferric chloride in dilutions so 
great that a mould metabolism solution becomes quite opaque on 
addition of the reagent if any appredable amount of kojic add is 
produced. This is one of the few chemical diagnostic tests available 
to mycologists. Birkinshaw, Charles, Lilly and Raistrick (1931) 
studied kojic add production by a number of strains of Aspergillus 
and Penicillium and showed that only those in the Aspergillus flavus- 
oryzae-tamarii group gave kojic acid. As a diagnostic test it is limited 
in the following ways: (a) one strain of Aspergillus Jlavus gave no 
kojic acid; ( b ) one strain of Penicillium Daleae Zaleski, produced 
kojic acid; (c) at least six days must be allowed before the colour 
reaction with ferric chloride develops; and'(d) the conditions of the 
test must be adhered to, viz. growth in 10 c.c. amounts of Czapek- 
Dox solution; incubated for 3-20 days in the dark at 24 0 ; and the 
test is carried out by adding three drops of 10 per cent aqueous 
ferric chloride to the solution. 

Kojic acid is readily isolated from the metabolism solution by 
filtration and evaporation. It is recrystallized from ethanol—ether, or 
ether alone, and very pure specimens may be obtained by sublimation 
in a high vacuum. Pure kojic acid is colourless but as usually obtained 
it has a very slight creamy colour. It melts at 152 0 and is optically 
inactive. It is a feebly antibacterial substance (Oxford, 1942) but is 
toxic to rats, dogs and rabbits (Friedemann, 1934). Its chemical 
structure was elucidated by Yabuta (1924) who showed that it was 

5 -hydroxy- 2 -hydroxymethyl-y-pyrone— 

O 

HO 


Kojic Acid 

The preparation of kojic acid from a mould solution is described 
in Chap. XII. 



*5—(T.510) 
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A comparison of the structures of kojic acid and of a-D-glucopy- 
ranose suggests a ready conversion of glucose into kojic acid by 
dehydration and oxidation— 


OH 

OH 

1 

H / 

X H 

>0 

\ OH 

H X 

OH\ 

I / 

H 

CFLOH 


a-D-gluco>c 


OH 



H CH 2 OH 


kojic acid 


Kojic acid was synthesized by Maurer in 1930 from glucose but it is 
unlikely that the mould produces it directly in this way. The reason 
for this statement is that moulds produce kojic acid not only from 
glucose and sucrose but also from ethanol, glycerol, the pentoses 
xylose and arabinose (Challenger et ai, 1929), the hexoses levulose and 
galactose, the polyhydric alcohol mannitol, the disaccharide lactose, and 
the polysaccharide starch (Birkinshaw, Charles, Lilly and Raistrick, 
1931). Glucose may be an essential intermediate in the production 
of kojic acid but it is more likely that all the substrates, including 
glucose, are either broken down into smaller fragments such as 
acetaldehyde or trioses (Barnard and Challenger, 1949) and then 
rebuilt into kojic acid, or else they are synthesized into substances 
of polysaccharide nature and are broken down to form kojic acid. 

In view of the very large yields of kojic acid which can be produced 
it is unfortunate that no industrial outlet for it has been found. We 
are also completely at a loss for an explanation as to why the mould 
produces it since it seems to perform no useful function, and mediates 
in no known enzyme reactions. Citric acid frequently accompanies 
kojic acid in mould metabolism solutions, but the two substances are 
not chemically related. In fact kojic acid is not a true acid at all 

since the carboxyl group is lacking. 

The last substance to be dealt with in this chapter is patulin, C 7 H 6 0 4 , 
in which the pyrone ring and the tetronic acid ring appear to be fused 
together. It was isolated by several groups of workers at about the 
same time, and since it possessed antibacterial properties, it was 
reported under different names and thus attracted some attention to 

'^The name patulm (Birkinshaw et al., 1943 ) derives from the mould 
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Penicillium patulum Bainier. The substance has also been isolated from 
Penidllium claviforme (Wilkins and Harris, 1942, 1943; Chain et al., 
1942) (“claviformin”), Penicillium expansum (Bergel et al 1944; 
Kent and Heatley, 1945; Karow and Foster, 1944) (“expansin”), 
Aspergillus clavatus (Wiesner, 1942; Waksman et al ., 1942; 1943) 
(“clavacin”), Penicillium urticae, Aspergillus terreus (Kent and Heatley, 
1945), a Gymnoascus species (Karow and Foster, 1944), and no doubt 
from other moulds not so far reported upon. As an antibiotic patulin 
is active against Gram-positive and Gram-negative organisms, in¬ 
hibiting Staphylococci at a dilution of about 60,000, and coliforms at 
about 30,000. It is unfortunately toxic to animals. 

Patulin is isolated from the metabolism solution of the mould after 
10-12 days incubation at 24 0 . Raulin-Thonfs medium was used by 
one group of workers, and the metabolism solution was evaporated 
in vacuo and extracted with ethyl acetate. After a purification treatment 
the ethyl acetate was evaporated to dryness in vacuo and the residue 
recrystallized from ether. 

Patulin, forms large colourless tablets melting at 111°. It is optically 
inactive, contains no methoxy groups, and one “active” hydrogen 
atom. It is neutral, and may be acetylated to yield a monoacetyl 
derivative. It is soluble in water and most common organic solvents 
but not light petroleum. It does not give any outstanding colour 
reactions either with ferric chloride, or with reagents for aldehyde 

groups. However, it gives a well defined mono-2 : 4-dinitrophenyl- 
hydrazone, and a phenylhydrazone. 

When dissolved in cold dilute sodium hydroxide solution patulin 
gives a colourless solution which becomes yellow in two to three 
hours, and two equivalents of acid are liberated. When the solution 
is neutralized it gives a strong red colour with ferric chloride. On 
acid hydrolysis one molecule of formic acid is produced, together 

with a small yield of tetrahydro-y-pyrone-2-carboxylic acid— 

O 

II 9 

A 

CH, CH, 

ch 2 ch.cooh 

TBTRAHYDRO-y-pynoNE-2-CARBOXYUC ACID 
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On complete reduction, first with hydrogen and Adam’s platinum 

oxide catalyst and then hydriodic acid and red phosphorus, the products 

were 2 -methyl- 3 -hydroxy-«-hexanoic acid lactone, and 2-methyl- 

caproic acid. This result is most readily explained by assigning the 

following structures to patulin and its degradation products (Birkin- 
shaw et al. t 1943)— 


O 


* » 

/ C \ 


O 


h 2 c 


C = CH 


H 2 C 



H,C 


H,0 x X2 

O-> 


C=CHOH 


CH—CO 
O 

an early proposed 
structure for patulin 


HoC CH—COOH 

J 

O 

a dibasic intermediate hydrolysis 
product of patulin 


CHOH 


complete reduction 

CH, 



H,C CH,.CH. 



H,C CH-.CH 


+ 


h 3 c ch 2 .cooh h 3 c ch,.cooh 

2-mcthyl-3-hydroxy- 2-methylcaproic acid 

fj-hcxanoic acid 


The above structure of patulin has been criticized, largely on the 
physical evidence of ultraviolet and infrared absorption spectra 
(Grove, 1951). Further, the following substance has been unequivocally 
synthesized (Puetzer et al. t 1945)— 


H*C 


O 


/ C \ 

C—CH. 



O 


H,C C—CO 

\o/ 

A Synthetic Isomer of Patulin 


All attempts to transform this substance into patulin were unsuccessful 
(Foldi et al. y 1948), so that this structure does not seem to represent 
one of the tautomeric forms of the antibiotic. 
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More recently two other structures have been advanced for patulin, 
both of which can be written in the form of pyrone and tetronic acid 
rings fused together— 



0 



H OH 


II 



\/ 

ch 2 - 

-c 


0 - 

—C 

/ 

\ 


/ 

\ 

CH 2 

c= 

CH 

CH. 

C=CH 

\ 

/ 

\ 

\ 

/ \ 

0 — 

-CH 

CO 

CH 

= C CO 


\ O 

/ 


\ 0 / 


Alternative Proposed Structures of Patulin 

(Due to Engel et al. t 1949) (Due to Woodward and Singh, 

1949. I95<*) 


The second formula, that due to Woodward and Singh, finds most 
support at the present time. It shows the same system of double 
bonds as that present in dehydrocarolic acid. 

Woodward and Singh have synthesized patulin and the synthesis 
lends strong support to their formula, although yields throughout 
were low. They started (1949) with tetrahydro-y-pyrone which was 
condensed with ethyl mesoxalate— 


O 

/ 

CH. 

\ 


CH. 


CH 2 

\ 

ch 2 

/ 

■c 


^COOEt 
4- O: C 

^COOEt 

mesoxalic ester 


o- 

/ 

CH, 

\ 

CH. 


CH. 

\ 

CH 

/ 

C 


OH 

| yCOOEt 
X COOEt 


O 


tetrahydro-y-pyrone 


o 

a ketol ester 


The ketol ester was hydrolysed and heated with acetic add- 
anhydride to yield, among other products, a lactol acetate— 


O 

/ 

CH, 


ch 2 oh 


CH.— 


\ 

CH 

/ 

c 

^o 

the ketol add 


< 


COOH 

COOH 


O—CH, 

/ \ 

CH, C=CH 

\ / \ 

C=c co 

\ 0/ 

O.COCH, 

the lactol acetate 
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The lactol acetate was brominated (1950a) using N- bromosuccini- 

mide, and the crude bromide converted into the diacetate using 
silver acetate in acetic acid— 6 


0- 

-CHBr 


OCOCH3 

/ 

\ 


1 

ch 2 

C = CH 

0- 

-CH 

\ 

/ \ 

/ 

\ 

c= 

c CO 

ch 2 

C=CH 

1 

\ 0 / 

\ 

/ \ 


OCOCH 3 

bromo derivative 
of lactol acetate 


CO 


\ O / 


OCOCH. 


diacetatc 


The diacetate was now warmed with acetic acid containing acetic 
anhydride and sulphuric acid, which gave a 1-2 per cent yield of the 
monoacetate of patulin— 


O.COCH 


O-CH 

\ 

ch 2 c=ch 

\ / \ 

CH = C CO 

\ O / 

Patulin Monoacetate 


This acetate was identical with the derivative prepared from patulin 
itself. It is easily converted into patulin under very mild conditions 
of acid hydrolysis. 

Engel’s structure for patulin is now regarded as another isomer and 
is known as rt/fopatulin (Johnson and Rydon, 1950). It was synthesized 
by Woodward and Singh (19506). 
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CHAPTER X 


INORGANIC CHEMISTRY AND 
MICRO-ORGANISMS 


In this chapter consideration will be given to the metabolism of 
inorganic substances, and the occurrence of the elements nitrogen, 
sulphur, and chlorine in the metabolic products of micro-organisms. 
Before dealing with these aspects, however, the importance of bacteria 
in mineral chemistry will be briefly indicated. An excellent review 
of the subject in so far as it relates to the sulphur bacteria has been 
published by H. J. Bunker (1936). 

The rusting and corrosion of iron pipes are familiar phenomena. In 

moist atmospheres the surface of the iron is attacked in spots, small 

areas forming centres of electrolytic activity as ferrous ions enter 

solution in the moisture film. The hydrogen liberated by electrolytic 

action is accepted by the oxygen of the atmosphere and polarization 

is prevented. It has been found that when iron pipes are buried in 

clay soils a similar type of electrolytic corrosion takes place despite 

the fact that the conditions are anaerobic. This appears to be due to 

organisms of the Vibrio desulphuricans type which evolve hydrogen 

sulphide, and Beggiatoa alba which oxidizes hydrogen sulphide to 

elementary sulphur. The presence of ions such as S" and SO/, means 

that there is no shortage of hydrogen acceptors, so that corrosion can 
take place rapidly. 

Reactions of the type mentioned in Chap. II_ 


CaS 0 4 -f 8H 


sulphatc- 

rcdudng 

bacteria > 


CaS + 4 HaO 


CaS -1- C 0 8 + HjO -► CaC 0 3 + H*S 

have been claimed to be an important cause of chalk 
tropical seas; and a similar reaction leading to sodii 
formation (by Vibrio oestuarii) has been claimed to be 
origin of soda lakes in Western Siberia. 

Similarly zinc and lead sulphide ore deposits, and even 
Italian deposits of elementary sulphur have been stated 
due to the biological activities of sulphur bacteria. 
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Possibly the most interesting and important activity of the sulphur 
bacteria, however, has to do with oil wells. Brines obtained from 
these wells have a mineral composition closely resembling that of sea¬ 
water, except in two important respects; they are very low in sulphate 
content, and they often contain hydrogen sulphide. It is therefore 
suggested that the sulphur found in petroleum is produced by micro¬ 
organisms. In confirmation of this suggestion, it has been found 
possible to isolate organisms from the rock strata in which these oil 
wells are found. These bacteria proved to be related very closely to 
Vibrio desulphuricans and Vibrio oestuarii. Another organism was 
related to a thermophilic sulphur bacterium, Vibrio thermodesulphuricans , 
but differed from it in being able to grow at room temperatures as well 
as at 50°C. Biochemical supporting evidence was provided by the 
finding that sulphur bacteria were predominantly associated with oil- 
well water in which the sulphate content was low, and the hydrogen 
sulphide content was high. 

Some workers have carried these results much further by showing 
that sulphur bacteria can activate the higher fatty acids, caprylic 
C 8 H 16 0 2 , capric C 10 H 18 O 2 , and stearic C 18 H 36 0 2 , as hydrogen 
donators. This hydrogen is available for sulphate reduction, the carbon 
is available for energy and growth, and the by-products will be long- 
chain or short-chain hydrocarbons such as are found in petroleum. 
Seliber (1928) found that fat thrown up from the bottom of the Black 
Sea during an earthquake was rich in sulphate reducing bacteria. They 
were able to grow on an inorganic medium and used the fat to supply 
their requirements of carbon and energy. 

In marked contrast to bacteria, moulds and fungi are essentially 
oxidative organisms. Sulphate is always included in the medium on 
which they are grown and as will be seen later the sulphur appears in 
complex organic structures. It is thus clear that at some stage reductive 
processes must take place but this is not associated, as it is in the case 
of bacteria and some plants and algae, with the production of demon¬ 
strable quantities of volatile sulphur compounds. However, there are 
a few cases which are exceptions to this general rule, and which are 
of some interest. 

The first concerns one of the higher fungi, Schizophyllutn commune 
Fr., a wood-rotting fungus. When this organism was grown on a 
medium containing ammonium and magnesium sulphates, a pro¬ 
nounced aroma of volatile sulphur compounds was observed. This 
was not detected in the absence of excess of sulphate. It was shown by 
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Birkinshaw, Findlay, and Webb (1942) that the volatile product giving 
rise to this odour was methyl hydrogen sulphide, CH 3 SH. Hydrogen 
sulphide was also probably present, but only in traces. This is thus a 
case in which a higher fungus carries out the same reaction, reduction 
of sulphate, as is carried out by sulphur bacteria, and some other 
organisms. It is characteristic, however, of fungal metabolism that 
this reaction is given a twist in that the methyl derivative of hydrogen 
sulphide is produced to the virtual exclusion of hydrogen sulphide. It 
is not even possible to state that the sulphate is reduced before 
methylation, but it is certainly a point of great interest that the 
methylating powers of fungi, repeatedly referred to in other parts of 
this book, should be so clearly shown in this connection also. 

The reductive methylation of sulphate has not been observed in any 
other mould or fungal species, but a somewhat similar process in¬ 
volving other inorganic ions is now well known following the work 
of Challenger and his school. These reactions involve the metalloids 
arsenic, selenium, and tellurium. 


The reaction involving arsenic is famous, ^fall-papers were at one 
time coloured with pigments such as Scheele’s green which are rich in 
arsenic. When the walls became damp volatile arsenic compounds 
were evolved which were reputed to cause deaths due to arsenical 
poisoning. This was investigated by Gosio who showed that mould 
growth was responsible, and that the organism was one of the Fungi 
Imperfecti, namely Scopulariopsis brevicaulis (Sacc.) Bainier, alterna¬ 
tively known as Penicillium brevicaule. When the mould was grown 
on potato mash containing inorganic arsenic compounds the evolved 
volatile products contained a derivative of arsine, AsH 3 . Gosio 
believed this to be diethylarsine, (C 2 H 6 ) 2 AsH, but it was more 
probably tnmethylarsine, (CH 3 ) 3 As. It was shown by Challenger et 
al '> ( I9 ? 3 ) ^at when Scop, brevicaulis was grown on bread culture 

* me compounds trimethyl 

arsme was produced. This is a clear case of reductive methylation of 
an inorganic ion. 


A similar result was obtained when salts of selenium and tellurium 

replaced the arsemtes. The mould converted sodium selenate or 

selenite mto dimethyl selenide, (CH 3 ) 2 Se (Challenger and North, 1934), 

and potassium tellurite mto dimethyl telluride, (CH 3 ) 2 Te (Bird and 
Challenger, 1939). v 

a ™ S abiU ^ t0 , medl y late the metalloids appears to be widespread 
among moulds, for similar results have been obtained using strains of 
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Petiicillium chrysogenum and Petticillium notatum (Challenger and 
Higginbottom, 1935). 

How moulds are able to convert inorganic sulphate into complex 
organic compounds containing sulphur remains to be discovered and 
this aspect of fungal metabolism has not, perhaps, received the attention 
it deserves. It has been repeatedly shown that some source of sulphur 
is absolutely essential for growth. Moulds are not unduly exacting as 
to the form of the sulphur, one worker (Hockenhull, 1948) finding 
sources as diverse as sulphate, sulphide, and thiocyanate as well as 
organic sulphur compounds such as cystine or even ethyl xanthate to 
be quite acceptable for Petticillium notatum. Earlier workers obtained 
a similar result with Aspergillus niger. Similarly Raistrick and Vincent 
(1948) surveyed one hundred and fifteen species or strains of moulds 
and found that all of them utilized over 10 per cent of the sulphate 
supplied as sole sulphur source, and sixteen species or strains used over 
90 per cent. 

It appears that reduction of sulphate, possibly to thio-acids, is the 
first step in its utilization because an X-ray mutant of Penicillium 
notatum which could not utilize sulphate developed well, producing 
penicillin when supplied with sodium thiosulphate. Differences in the 
final fate of the sulphur are found with different species. Thus some 
liberate organic sulphur into the medium [A. niger) whereas others 
(Penicillium notatum) lock it up in the mycelium. Similarly Aspergillus 
sydowi produces cyclic choline sulphate and retains it in the mycelium 
(Woolley and Peterson, 1937)— 

H 3 C ch 3 

\l 

H 3 C—N—CHo—CH 2 —O—S 0 2 

I -O- 1 

Cyclic Choune Sulphate 

(0-SULPHATOETHYLTRIMETHYLAMMONIUM BETAINE) 


The general nature of the sulphur compounds produced is unknown 
but it is of interest to mention here some substances containing sulphur 
whose constitutions have been elucidated. 

Historically one of the first of these is aneurin, the earliest known 
vitamin, which was synthesized by Williams and Clive in 1936- I* 
is produced by almost all micro-organisms, and has been referred to 
in other chapters of this book. It is a unique natural substance from 
the chemical stand-point in possessing a quaternary thiazolium ring. 
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A simple oxidation product, thiochrome, a yellow pigment, has been 
obtained from yeast (Kuhn et al. y 1935). The same carbon skeleton 
as is found in aneurin’s thiazole ring, is also found in penicillin as the 
fully reduced thiazolidine system. Penicillin, unlike aneurin, is 
produced only by micro-organisms. The formulae of the three 
compounds are given here for comparison with each other— 


Three Sulphur-containing Metabolic Products of Micro-organisms 


CH 2 

/X/ \ + 


N 


N 


CH 3 


/^N 7 \ 'S/\ 

H 3 C NH, CH«.CHoOH 


Aneurin 


ch 2 

X\/\ 
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/^n 


N 


CH. 




nJ 


H,C 


ch 2 .ch„oh 


TmOCHROMB 
(Bcrgel and Todd, 1936) 


O : C-N-—CH.COOH 

I I I /CH, 
R.CO.NH.CH—CH c/ 

\c/ X CH, 


Penicillin 


Biotin, a sulphur-containing constituent of the Wildiers yeast bios 
complex is dealt with in the next chapter. 

Quite recently a new antibiotic has been obtained from culture 
solutions of a Streptomyces and named actithiazic add (Sobin, 1952) 
This new substance, C 9 H 15 0 3 NS, forms white needles from water 
acetone or methane 1 , has melting point l 3 9°-i40 0 , and is optically 

acriX " = T m ^ thalloL k has a specific antibacterial 
7 *fY C0bacter ! um * P eci “- This substance contains the 
same C, S, N skeleton as that found in the three previous substances 
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and its structure has been fully elucidated as a derivative of thiazolidone 
by McLamore et al. y (1952). 

NH—CO 

HOOC.(CH 2 ) 5 CH CHo 

\ s / ' 

Acthhiazic Acid: (—)2-(5-Carboxypentyl)-4-thiazolidone 

A more complex sulphur-containing substance was obtained by 
Weindling and Emerson in 1936 from cultures of a mould believed to 
be Gliocladutm fimbriatum. This mould has since been stated (Brian, 
1944) to have been more probably a strain of Trichoderma viride , 
another member of the Fungi Imperfecti. The substance was named 
gliotoxin and its chemical structure has been intensively studied by 
Johnson and his co-workers in America and by Elvidge and Spring 
in this country. 

Gliotoxin, is produced by a number of moulds. 

It has been reported from Trichoderma viride , Aspergillus futnigatus 
(Menzel et al. , 1944), Penicillium Terlikowskii Zal (Brian, 1946), Penicil- 
lium obscurum Biourge (Mull et al ., 1945), and Penicillium cinerascens 
Biourge (Bracken and Raistrick, 1947). It is best obtained either by 
submerged culture; or (Elvidge and Spring) by use of a surface culture 
of Trichoderma viride grown at its optimum temperature of 28° for a 
few days. A cane sugar medium containing peptone and mineral salts 
gives the best results. Gliotoxin is isolated by chloroform-extraction 
of the culture filtrate, evaporation of the solvent and recrystallization 
of the residue from methanol. It forms colourless needles or laths 
melting at 190° with a characteristic instantaneous decomposition 
point at 221 0 . The crystal form is monoclinic. 

Gliotoxin is moderately soluble in some solvents (ethanol, acetic 
acid), very soluble in others, e.g. chloroform, and almost insoluble in 
water. It has a characteristically high specific rotation, [a] = — 290° 

in ethanol. It is unstable to light and characteristically labile in alkaline 
but stable in acid solution. It has neither acidic nor basic properties. 

Gliotoxin is a powerful antibiotic and it is of interest that this 
property is closely connected with the presence of the two sulphur 
atoms in the molecule. Degradation products of gliotoxin such as the 
dethio-compound in which the sulphur atoms have been replaced by 
hydrogen with very little change in the basic structure (as far as can be 
deduced at present) are all almost devoid of antibacterial properties. 



INORGANIC CHEMISTRY AND MICRO-ORGANISMS 231 

Gliotoxin is very active against both Gram-positive and Gram¬ 
negative organisms, and is also a powerfully fungistatic substance. 
Unfortunately it is highly toxic. It is one of the few products for 
which the action on insects has been reported. It is a contact poison 
for aphids but is not nearly as potent as rotenone. 

The two most outstanding features of the chemistry of gliotoxin 
are the presence of an indole nucleus and the existence of a disulphide 
linkage, —S—S—. 

The indole nucleus appears in several of gliotoxin’s degradation 
products, and its existence in the parent product was demonstrated by 
direct comparison of the ultraviolet absorption spectrum with com¬ 
pounds of known structure such as tryptophan in which the indole 
nucleus is present. 

The disulphide linkage is shown by the instability in alkaline 
solution, the production of lead sulphide on treatment of gliotoxin by 
alkaline sodium plumbite, the formation of an unstable adduct with 
potassium sulphide and in other ways. 

Gliotoxin contains neither methoxy nor ethoxy groups. It contains 
three active hydrogen atoms (Zerewitinoff), two of which can be 
acylated yielding a crystalline dibenzoate, etc.; it contains no carbon- 
methyl groups but one nitrogen-methyl group. 

A large number of breakdown products have been isolated by the 

workers referred to. Of these one of the most important from the 

point of view of the structure of gliotoxin, is dethiogliotoxin obtained 
by mild reduction— 

C 13 H 14 0 4 N 2 S 2 + 6H(Al-Hg) C 13 H l6 0 4 N 2 -f 2H 2 S 

In dethiogliotoxin the two sulphur atoms of gliotoxin are replaced by 
hydrogen atoms without profound structural alteration. 

The latest communication from Johnson and his colleagues (Johnson 
and Buchanan, 1953) gives the structures for gliotoxin and dethio- 
ghotoxm, replacing earlier formulae. (See p. 232.) 

Gliotoxin monoacetate, C I6 H 16 0 5 N 2 S 2 , large, pale yellow rhombic 

crystals, melting at i62'’-i 6 3 °, [a]«, = - i 97 ° ( f , a -6 in chloroform) 

has recendy been isolated, with gliotoxin, from the culture filtrate of 

Penicillin terhkowskii Zaleski (Johnson, Kidwai, and Warner, 1951). It 

is of interest that once again the mould has been more ingenious than 

man, for attempts to prepare a crystalline monoacetate of gliotoxin 
were unsuccessful. & 

Phosphates, like sulphates are essential constituents of all media. 
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H 



N—CH. 


H 



N—CH. 


H 



OH 


CH 3 


Gliotoxin 


Dethiogliotoxin 


However, the inorganic ion is not profoundly altered as it is in the case 
of sulphate, and phosphorus-containing compounds elaborated by 
moulds and bacteria are phosphate or pyrophosphate esters. References 
to several of these have been made in previous chapters, notably the 
references to riboflavin, and the compounds vital in the energy balance 
of micro-organisms. As long ago as 1935 Woolley and his colleagues 
showed that the phospholipins produced by Aspergillus sydowi 
amounted to 0.4-0.7 per cent of the mycelium and consisted of a 
mixture of lecithin and kephalin. 

Nitrogen compounds unlike those of phosphorus embrace all types, 
with the notable exception of compounds related to the plant alkaloids. 
The phenazine pigments, penicillin, gliotoxin, and other substances 
have already been mentioned. As an example of a long-chain com¬ 
pound containing nitrogen mention may be made of 2 : 6-diamino- 
pimelic acid, HOOC . CH(NH 2 ). CH 2 CH 2 CH 2 . CH(NH 2 ). COOH 

(Work, 1951). This acid was obtained from hydrolysates of Coryne- 
bacterium diphtheriae and Mycobacterium tuberculosis. It has not so far 
been found among metabolic products of moulds. An example of an 
unusual amino-acid is afforded by DL-fumaryl-alanine (fumaromono- 
DL-alanide), C 7 H 9 O s N, colourless needles from water, a dibasic acid 
melting at 229°— 


HOOC.CH: CH.CO.NH.CH(CH 3 ).COOH 

This amino-acid was obtained by Birkinshaw, Raistrick, and Smith 
(1942) by ether-extraction of the culture solution of Penicillium 
resticulosum G. Smith. The acid is unusual in type, and also in being 
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optically inactive. Its constitution was conclusively established by acid 
hydrolysis to fumaric acid and DL-alanine, and subsequent synthesis 
from fumaryl chloride, Cl.CO.CH=CH.COCl, and DL-alanine. 

An extremely stable heterocyclic ring system containing nitrogen is 
found in the two closely related products aspergillic acid, C 12 H 20 O 2 N 2 , 
and flavacol, C^H^ON,,. They occur together in the culture filtrate 
of a strain of Aspergillus fiavus when this mould is grown on a medium 
containing sodium chloride and a casein hydrolysate rich in amino- 
acids (Dunn, Gallagher, Newbold, and Spring, 1949). The products 
were isolated from the culture filtrate by treating it with charcoal, 
drying the charcoal in air and then extracting it with ether. After 
concentration, the ether solution was extracted with twice-normal 
sodium hydroxide solution and the alkaline solution acidified with 
acetic acid to yield the crude product, a mixture of aspergillic acid and 
a little flavacol. Fractionation was accomplished by taking advantage 
of the fact that aspergillic acid is soluble in aqueous sodium hydrogen 
carbonate solution whereas flavacol is not. A series of washings with 
sodium hydrogen carbonate solution and acidification led finally to a 
fraction soluble in sodium hydrogen carbonate (crude aspergillic acid), 
and an insoluble fraction (crude flavacol). The aspergillic acid was 
purified by crystallization from methanol, and sublimation in a high 
vacuum. It formed clusters of yellow needles or elongated rods having 
a characteristic odour and melting at 97 °-^ 9 °. The flavacol fraction 
was purified by repeatedly recrystallizing it from aqueous methanol 
when pure flavacol was obtained in the form of colourless needles 
melting at I43°-I45°. 

Aspergillic acid was first isolated and characterized by E. C. White 
in 1940. Its constitution was worked on by Dutcher and his colleagues 

m A "? enca ( z 947 ), and later by Spring and co-workers in Glasgow 
who finally established its constitution, and also first isolated flavacol, 
and assigned it its structure. 

Aspergillic acid is optically active, [a]}, 8 = + 13.3“ (± 2 per cent \ 
m ethanol. It is soluble in most organic solvents but not in water. It 
forms a crystalline monohydrochloride, and also crystalline silver and 
copper salts Its methanolic solution gives a deep-red coloration with 
feme chloride. Its stability is such that it may be recovered unchanged 
alter prolonged refluxing with strong acids and alkalis, and may be 
distilled in steam. It is also unaffected by neutral potassium perman¬ 
ganate. The name aspergillic “acid” is slightly misleading in so 
tar as it contains no carboxyl group, although it is acidic enough 

16—(T.510) 
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to be titratablc with sodium hydroxide to an end-point with 
phenolphthalcin, and to be dissolved by sodium hydrogen carbonate 
solution. 

Aspergillic acid is an antibiotic, being active against both Gram¬ 
positive and Gram-negative organisms. It is, however, too toxic for 
clinical use. Flavacol has no antibacterial properties. 

On reduction under a variety of drastic conditions—for example, on 
autoclaving with hydrazine in ethanolic solution at 170° for nine hours 
—aspergillic acid, C 12 H 2 o0 2 N 2 , gives deoxyaspcrgillic acid, 
Ci2H 2 ()ON 2 , by loss of one oxygen atom. Deoxyaspergillic acid forms 
colourless needles from ethanol. It melts at 102°, is optically active 
Ml 4 = -f 18-8° (c. 2-17 in methanol), gives no colour with ferric 
chloride, and possesses no antibacterial properties. 

On bromination in aqueous solution, aspergillic acid forms a 
monobromo derivative. This may be reduced by zinc and acetic acid 
to yield a compound C 12 H 22 0 2 N 2 . On hydrolysis this compound 
produces two amino-acids, leucine and rioleucine (Dunn, Newbold, 
and Spring, 1949a). The reduction product possessed the general 
properties of a diketopiperazine and its structure and hydrolysis may 
be represented in the following scheme— 


bromination and 

C 12 H 20 O 2 N 2 -► C 12 H 22 0 2 N 2 
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This degradation, together with the general properties of aspergillic 
acid as a hydroxypyrazine derivative, indicates the nature of the 
nucleus and of the two side chains in aspergillic acid. 

On heating deoxyaspergilhc acid with alkali a racemate is formed. 
The structure of this substance was established by its synthesis, for 
details of which the original paper must be consulted (Newbold et al., 
1951), and it was shown to be 2-/50butyl-5-ser.-butyl-3-hydroxy¬ 
pyrazine from which it follows that aspergillic acid itself must be the 
corresponding A/-oxide— 
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Flavacol, C 12 H 20 ON 2 , forms large colourless needles from ethanol 
has a melting point of i 44 - 5 °-i 47 °, gives no ferric chloride colour, is 
optically inactive, and is devoid of antibacterial properties. 

Its structure follows directly from its synthesis (Dunn, Newbold 

and Spring, 1949J) fr om DL-leucine, according to the following 

scheme. DL-Leucine was converted to its anhydride by heating with 
ethylene glycol— & 
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The resulting leucine anhydride was dehydrated still further on 
refluxing with phosphoryl chloride— 


NH 
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The synthetic product was obtained in good yield and was identical 
with the natural substance in every particular. 

In comparing aspergilhc acid and flavacol it is noteworthy that the 
former is produced from two molecules of dissimilar amino-acids, 
whereas flavacol incorporates the same two animo-acids. It may also 
be mentioned as a limitation to the synthetic powers of Aspergillus 
JlavuSy that it does not produce these substances in the absence of 
pre-formed amino-acids in the nutrient solution. 

When the dried de-fatted mycelium of Penicillium griseo-fulvum is 
extracted with ether the extract contains two products (Oxford et al., 
I 939 )> nrycelianamide and griseofulvin. The former is obtained by 
boiling the extract with benzene, filtering, and allowing to cool. The 
crude mycelianamide which crystallizes is recrystallized from ethyl 
acetate when it forms colourless shining leaflets melting with decom¬ 
position at I70°-I72°. Griseofulvin is obtained from the benzene- 
soluble material by evaporation and recrystallization from ethanol. It 
will be dealt with later in this chapter since it contains chlorine. 

Mycelianamide, C 2 2 H 28 0 6 N 2 (Oxford and Raistrick, 1948), * s 
stable to boiling water but is decomposed by acids and alkalis. With 
sodium hydroxide it gives a dark solution which froths readily, and 
possesses the pleasant lavender-like odour of a degradation product 
mycelene, C 10 H 16 . This is probably a cyclic hydrocarbon but is not 
identical with any known substance. Mycelianamide is sparingly soluble 
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in solvents except acetone and dioxan. It is optically active, = 

— 217 0 (c, O’8688 in chloroform), and is a weak antibiotic against 
Gram-positive bacteria. It is very feebly acidic being soluble in sodium 
carbonate solution and is probably monobasic. It gives no carbonyl 
reactions but reacts as a primary amine. It gives a deep reddish-brown 
coloration in ethanolic solution with a few drops of very dilute aqueous 
ferric chloride. It does not, however, possess any marked phenolic 
characteristics. 

On hydrolysis with hot, concentrated hydrochloric acid it 
gives two bases, ammonia and cu-amino-p-hydroxyacetophenone, 
HO.C 6 H 4 .CO.CH 2 .NH 2 . On the other hand hot, dilute sulphuric 
acid gives one equivalent of carbon dioxide as well as one of ammonia, 
and also the volatile unsaturated hydrocarbon, mycelene, and a trace 
of acetaldehyde. Hydrolysis in dilute alkaline solution gives ammonia 
(one equivalent) and an acid, C 17 H 22 0 3 , melting at ii8°-I20°. This 
acid is monobasic, possesses no phenolic, alcoholic, or ketonic properties 
and on hydrolysis with sulphuric acid, gives mycelene and p-hydroxy- 
benzoic acid— 

c : 7 H 22 0 3 + HoO —>• C 10 H 16 + CjH^Og 

mycelene p-hydroxybenzoic add 

Thus the acid C 17 H 22 0 3 may be represented as a p-myceloxybenzoic 
acid— 

0h>H 17 O—- ^ ^ —COOH 

The complete structure of mycelianamide has not yet been elucidated 

but the following partial formula expresses the facts as at present 
known— r 


c 10 h 17 o 



CO—CH.NH.CO.CO.CH, 
« « 


CO.NH 


Mycelianamide: A Partial Formula 

“ ,hU ‘ " f 0-»yc=lyl-N- P yruv<,yM- 

m™l" Umber ° fhalo fn-containing substances so far reported from 
micro-organisms is not large-about one dozen-and only one halogen 
is concerned, namely chlorine. 7 ai °8 en 

Ch < :l! l0 ^ mpheniC01 ' T d aur f om y cin h ^ve already been mentioned in 
Chap. VI amongst the antibiotics. In addition to these there ar“ 
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geodin and erdin from Aspergillus terreus ; griseofulvin from Petiicillium 
griseo-fulvum Diercx; caldariomycin from Caldariomyces fumago 
Woronichin; nalgiolaxin from Petiicillium tialgiovetisis y the structure 
of which has been noted in Chap. VII; sclerotiorin from Petiicillium 
sclerotiorum ; and ustin and three other products from Aspergillus ustus. 

One reason for the absence of fluorine, bromine, and iodine in 
microbial products is that these elements are not usually included in 
culture media. That they could be utilized and elaborated in organic 
form seems to be indicated by the fact that when bromide was allowed 
to replace chloride in the medium used for the growth of Caldariomyces 
fumago , bromide disappeared from the solution and organic bromine- 
containing substances were produced. Unfortunately these products 
could not be characterized. Potassium iodide was not utilized 
(Clutterbuck et al. y 1940). 

The other reason is undoubtedly that micro-organisms are not very 
exacting where halogens are concerned. Of one hundred and thirty- 
nine species or strains of moulds grown on a medium containing 
potassium chloride, only five cultures from three different species 
(Absidia spinosa y Aspergillus terreus , and Caldariomyces fumago) meta¬ 
bolized more than one-quarter of the chloride supplied, and fifty-seven 
utilized less than 5 per cent of the chloride (Clutterbuck et al. y 1940)* 

The absence of fluorine, bromine and iodine in the products from 
bacteria and moulds is in contrast with other parts of the natural 
kingdom. Fluorine compounds are important in the dentition of 
human beings; one bromine compound, that present in Tyrian purple 
(6 : 6-dibromoindigo) is prehistoric in its discovery; and thyroxine, 
the iodine-containing hormone has formed part of classic organic 
chemistry since its synthesis in 1926 by Harrington. 

Of the chlorinated products mentioned above, ustin, C 19 H 16 0 5 Cl 3 , 
from Aspergillus ustus (Doering et al. y 1946) has so far not been assigned 
a structure. It melts at i84°-i 86° and crystallizes from toluene and 
other solvents. It is soluble in sodium carbonate and has been converted 
into a monomethyl and dimethyl derivative, and into an acetyl 
derivative, all of which are crystalline. The other chlorinated products 
from Aspergillus ustus have been designated A.U.N.-i, A.U.N.-2, and 
A.U.N.-3, and are all present in the “neutral” fraction, that is they are 
not soluble in sodium carbonate or sodium hydrogen carbonate 
solutions. A.U.N.-i melts at i55°-i56°; A.U.N.-2 melts at 2 ?° * nd 
is described by the authors as “inadequately characterized ; A.U.N .-3 

melts at 225-5°-226*5°. 
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Sclerotiorin has also not yet been assigned a structure. It was first 
isolated by Curtin and Reilly in 1940 from Penicillium sclerotiorum , 
and later (1952) by Birkinshaw from Penicillium multicolor Grigorieva- 
Manilova and Poradielova, who also modified the original empirical 
formula to C 2 iH230 6 Cl, or, less likely, C 2 iH 25 0 6 Cl. The substance was 
obtained by petroleum-extraction of the dried mycelium and the crude 
extract amounted to 15 per cent of the weight of the mycelium. It 
crystallized in bright-yellow needles from methanol and was purified 
by vacuum sublimation when its melting point was 205°-2o6°. It has 
a high optical activity, [a]^ 1 = -}- 500° (c. 1 in chloroform). It 
appears to contain one reactive carbonyl group, and on hydrolysis with 
dilute alkali yields a monobasic, optically active, colourless acid, 
C10H16O2* melting at 92°-92*5°. This acid was shown to be 4 : 6 - 
dimethylocta-2 : 4-dienoic acid— 

CH3.CH 2 .CH(CH 3 ).CH : C(CH 3 ).CH : CH.COOH 

Geodin, C 17 H 12 0 7 C 1 2> and erdin, C 16 H 10 O 7 Cl 2 , were obtained by 

Raistrick and Smith in 1936 from the acidified culture filtrate derived 

from Aspergillus terreus. They were amongst the earliest of chlorine- 

containing substances to be isolated from a natural source. The crude 

material from the culture filtrate contains both geodin and erdin and 

they were separated by taking advantage of their differing solubilities 

in chloroform, geodin being much the more soluble. After partial 

purification by chloroform-extraction the residue (erdin) was 

recrystallized from ethyl acetate. The same solvent was used to 

recrystallize the crude geodin obtained from the chloroform-soluble 
fraction. 

Geodin, fine yellow needles, melts at 23 5 0 and is optically active, 
M 64 QI = + 1 79 ° ( c . o*8 in chloroform). Erdin also forms yellow 
needles. It melts at 21 1° and is optically inactive. Both geodin and 
erdin are dibasic acids but whereas geodin contains two methoxy 
groups, erdin possesses only one. A further difference between the two 
substances is biological, geodin being moderately antibacterial 
(Rjnderknecht et al , 1947; Marcus, 1947), but erdin is quite inactive. 

The close relationship between geodin and erdin is shown by 
several facts (Clutterbuck et al, 1937 ). Both substances give dihydro 
derivatives on catalytic reduction, and on complete methylation 

denvatives g ive same neutral product, 

Cl !l H60 L C ^ ( °jCH, 3 ) 6 ; Wten ^ substance is hydrolysed a monobasic 
aad is obtained which may be written as C 14 H 5 OCl 2 (OCH 3 ) 4 COOH. 
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Similarly, neutral products are obtained when dihydrogcodin and 
dihydroerdin are fully ethylated using diazoethane. When these are 
hydrolysed the same monobasic acid is obtained in each case, namely 
Ci4H 5 OCl 2 (OCH 3 )(OC 2 H 5 )3COOH, which still retains the single 
methoxy group present in dihydroerdin. The acid obtained by 
hydrolysis of fully methylated dihydrogeodin or dihydroerdin is there¬ 
fore dihydroerdin trimethyl ether. It follows from these facts that 
dihydrogeodin is the methyl ester of dihydroerdin (Calam et al. t 
1939). It was further shown that methylation of geodin and 
erdin by methyl sulphate in alkaline solution gave the same product, 

C 15 H 4 0 2 C 1 2 ( 0 CH 3 ) 6 . 

Geodin forms an oxime in the usual way when reacted with hydr- 
oxylamine, and the reaction product with diazomethane contains 
nitrogen, its formula being C 16 H 7 0 4 N 2 Cl 2 (0CH 3 )3. These as well as 
other facts strongly suggest that a quinonoid grouping is present in 
geodin. 

Reductive fission of dihydrogeodin using hydriodic acid gave two 
molecules of methyl iodide, one of carbon dioxide, 3 : 5-dihydroxy- 
benzoic acid (a-resorcylic acid), and orcinol— 


COOH 


CH 




3 : 5-Dihydroxybenzoic Acid 


Orcinol 


Dihydroerdin gave the same non-volatile products and also carbon 
dioxide, but only one molecule of methyl iodide instead of two, as 
obtained with geodin. It is very unlikely that the two benzenoid 
substances arise from the same half of the molecule, so that all the 
carbon atoms are accounted for. The degradation of geodin may be 

written— 

C 17 H 14 0 7 C 1 2 + 3 H 2 0 + 2H.> 

= C 7 H 8 0 2 + C 7 H 6 0 4 + 2CH3OH + C 0 2 + 2HCI 

It is thus clear that the basal structure of dihydrogeodin and dihydro¬ 
erdin consists of the orcinol nucleus linked in some way to the «- 
resorcylic acid nucleus. Further only one oxygen atom is unaccounted 
for, and hydrolytic fission showed that this atom is present as a carbonyl 
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group joining the two aromatic nuclei. The products obtained were 
the monomethyl ether of 3 : 5-dihydroxybenzoic acid together with 
a chlorinated breakdown product, C 8 H 6 0 4 C 1 2 which was shown by 
synthesis to be 2 : 6-dichloro-3 : 5-dihydroxy-p-toluic acid— 


CH 3 

Cl I Cl 



HO | OH 
COOH 

2 : 6-Dichloro-3 : 5-dihyi>roxy-/>—toluic Acid 


The trimethyl ether of dihydroerdin treated similarly yielded carbon 
dioxide, 3 : 5-dimethoxybenzoic acid, 2 : 6-dichloro-orcinol dimethyl 
ether and the monomethyl ether of dichloro-p-orsellinic acid— 



2 : 6-Dichloro-orcinol Dimethyl Ether Dichloro-p-orsellinic Acid 

Monomethyl Ether 


The final indication of the structure of trimethyl dihydroerdin ca m e 
from the observation that on oxidation with potassium permanganate 
a dibasic acid was obtained whose formula showed that a methyl 
group had been oxidized to a carboxyl group. This suggested that the 
following structure was that of dihydroerdin trimethyl ether— 
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This structure was confirmed by synthesis, 2:6-dichloro-3 :5- 
dimethoxy-p-toluyl chloride being condensed with methyl 3 : 5- 
dimethoxybenzoate— 

OCH 3 OCH 3 



Cl 




In the Friedel-Crafts reaction it is well known that resorcinol dimethyl 
ether reacts with acid chlorides in such a way that the entering group 
occupies a position para to one methoxy group and ortho to the other. 

The structure of this derivative of geodin and erdin may thus be 
accepted as proved beyond reasonable doubt. 

When geodin and erdin are treated with 80 per cent sulphuric acid 
they give hydrates whose formulae differ by one methylene group, 
and an examination of derivatives showed that geodin hydrate is the 
methyl derivative of erdin hydrate (Calam et al 1947). The structure 
proposed for these compounds is as follows— 

OH 


HOOC 


Geodin Hydrate (R = CH 3 ) 

Erdin Hydrate (R = H) 

Erdin hydrate gives an immediate blue colour with 2 : 6- dichloro- 
quinone chlorimide, a reaction which indicates that in this compound 
the position para to a hydroxyl group is either free or bears a carboxyl 
group. The carbonyl groups occupy the positions shown above, so 
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griseo-fulvutn Dierckx, by extraction with ether. It was later obtained 
from Penicillium janczewskii , Zal. also known as Penicillium nigricans 
(Bainier) Thom, by Brian et al. (1946) and shown to possess unusual 
biological properties. It is not antibacterial but it is fungistatic. When 
spores of susceptible moulds, such as Botrytis allii , are allowed to 
germinate in solutions of griseofulvin in which the concentration is 
2 5 P g/lt the first shoots (“germ tubes”) are short and stunted, and 
further development into hyphae is checked. At lower concentrations 
excessive branching and distortion of the hyphae takes place. For this 
reason Brian and his colleagues named the substance “curling factor” 
before its identity with griseofulvin was established. 

Griseofulvin, C 17 H 17 0 6 Cl, forms needles or prisms from ethanol 
or benzene and is a stable, neutral substance melting at 220°. It is 
optically active, [a]^ 1 = + 337° (r. i-o in acetone), contains three 
methoxy groups, one carbon-methyl group, and possesses one 
ethylenic double bond. A reactive carbonyl group is also present, as 
is shown by the ready formation of a crystalline oxime and 2 : 4- 
dinitrophenylhydrazone. The ethylenic double bond is conjugated 
with the carbonyl group. 

Griseofulvin forms a large number of derivatives and degradation 
products, and its structure has been elucidated on analytical evidence, 
first by Raistrick and his colleagues and more recently by Grove and 
co-workers. The earlier workers (Oxford et ah, 1939) showed that 
griseofulvin was easily hydrolysed by aqueous alcoholic sulphuric acid 
to give a substance C 16 H 15 0 6 Cl which they named griseofulvic acid 
in keeping with the results which appeared to show (but erroneously) 
that griseofulvin was a methyl ester and griseofulvic acid the corres¬ 
ponding acid. Continued hydrolysis either of griseofulvin or of 
griseofulvic acid with hot, half-normal sodium hydroxide gave 
norgriseofulvic acid, C 15 H 13 0 6 Cl, which is a dibasic phenolic acid, 
and also a product C 16 H 15 0 4 Cl which was named decarboxygriseo¬ 
fulvic acid. It will be noted later that this was also slightly misnamed 
in so far as griseofulvic acid does not contain a carboxyl group. In 
fact the formation of decarboxygriseofulvic acid followed a most 
profound rearrangement of the whole molecule. 

An important result obtained by the earlier workers was that when 
griseofulvic acid or norgriseofulvic acid was re-methylated using 
diazomethane, griseofulvin was produced but it was accompanied by a 
new product isomeric with griseofulvin and named ^griseofulvin. 
The later workers showed that this substance was also obtained by 
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treating griseofulvin with methanolic hydrogen chloride. isoG riseo- 
fulvin melts at i98°-200° and has [a]!/ = -f- 215° ( c . 1*3696 in acetone). 
It resembles griseofulvin in its ultraviolet absorption spectrum, and 
like griseofulvin yields griseofulvic acid on hydrolysis. It lacks the 
reactive carbonyl group found in griseofulvin, but like it contains one 
ethylenic double bond. The relation between these isomers will be 
made clear in a later section. 

The most important evidence on the structure of griseofulvin 
reported by the earlier workers was the isolation of benzenoid com¬ 
pounds among the degradation products. 

Permanganate oxidation of griseofulvin, gave a chlorinated salicylic 
acid, C 9 H 9 0 5 Cl, shown to be 3-chloro-2-hydroxy-4: 6-dimethoxy- 
benzoic acid, together with a second acid, C 14 H 15 0 7 Cl, which was 
taken to be 7-chloro-2-hydroxy-4 : 6-dimethoxycoumaran-3-one-2- 
/?-butyric acid. This structure was confirmed by the later workers. 
The two acids therefore are as follows— 


OCH 3 



Acid C,H,O s C1 


OCH 



COOH 


—CH. 


The second acid contains all except three of the carbon atoms 

present in griseofulvin, and the ethylenic double bond and the reactive 

carbonyl group have been lost. No volatile acids are produced by the 
oxidation of griseofulvin. 

The earlier workers also showed that potash fusion of griseofulvin 
gave orcinol— 


OH 



CH 3 


Orcinol 


and the later workers (Grove et al., 1952) showed that orcinol 
methyl ether as well as the salicylic acid, C,H 9 0 6 C 1 , obtained 


mono- 

above, 
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resulted from the hydrolysis of griseofulvin using twice-normal sodium 
methoxide. These workers also showed that 3-methoxy-2 : 5-tolu- 
quinone was a product of chromic acid oxidation of griseofulvin. 


OCH 3 OCH, 



Orcinol Monomethyl Ether 3-Methoxytoluquinone 


These facts show conclusively that at least two rings are present in 
the molecule of griseofulvin. One appears as the chlorosalicylic acid, 
C 9 H 9 0 5 C 1 , and the other as orcinol or methoxytoluquinone, in the 
breakdown products. 

Two isolated facts which have a bearing on the structural problems 
involved are as follows: /sogriseofulvin does not yield 3-methoxy- 
2 : 5-toluquinone on oxidation; and dccarboxygriseofulvic acid does 
not yield orcinol on alkali fusion. 

It will be noted that methoxytoluquinone contains the tautomeric 
system— 

OCH 3 

I 

C = CH 

/ \ 

x c=o 

/ 

Y 


namely an ethylenic double bond conjugated with a reactive carbonyl 
group. This system is present in griseofulvin and it was suggested by 
the later workers that the relation between griseofulvin, ^griseofulvin 
and griseofulvic acid was as shown at the top of p. 247. 

No mention has yet been made of the reduction products of griseo¬ 
fulvin and its isomer and derivatives because this is a somewhat involved 
aspect of their chemistry. Here it may be noted that griseofulvic acid, 
Ci 6 H 16 0 6 C 1 , was reduced using Adams’s platinum oxide catalyst and 
hydrogen to give three products. Two of these were neutral non- 
lactonic alcohols of which (A) had the formula QeHigOeCl and (B) 
had the formula C 16 H 19 0 6 Cl. A third neutral substance was produced, 
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OCH 3 

I 

C=CH 

\ 

X c 


=o 


hydrolysis 
- > 



Y 

griseofulvin 


o 

C—CH 

\ 

X C—OCH. 


OH 

I 

C=CH 

\ 

X C 
/ 

Y 

\ 

\ 

o 


==o 


rc-mcthylation 
< - 


C—CH, 

V 

X c 


=o 




Y Y 

irogriscofulvin griscofulvic acid 

(C), whose formula was C 16 H 19 0 4 C 1 . These compounds 
represented according to the above scheme as follows— 


OH 

I 

C=CH 

\ 

x c=o 


2H, 



OH 

I 

CH—CH* 

X HC—OH 


Y 

griseofulvic add 
N 

\ 

o 



Y 

compound (A) 



/ \ 


3H.+ 


c=o 


hydrogenolysis 


I 


/ 


H, 


OH 

I 

CH- 

/ 

X 


CH* 

\ 

ch 2 



or 


CH* 

/ 

X 


CH* 

^CH* 



CH a —CH* 



com 

(C„ 


Y 




i) 


Y 

SK3SS 


can 
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The relationship between griseofulvin and its isomer suggested by 
the facts above were used to postulate a structure for griseofulvin and 
/sogriseofulvin. In this scheme the ring systems— 


OH 


H,CO 


H 3 CO 



and O 



OCH 3 

C = CH 

\ 

c=o 

C—CH„ 


CH 3 

The Chlorosalicylic Acid The Toluquinone 
were combined by way of the chloro acid C 14 H 15 0 7 Cl- 


HoCO 


h 3 co 

1 

CO OH 

/C°\ / 

HO 


\ 

I 

c 

c 

/v/ 

\ 0 / \ 

/ 

3 1 

U CH- 

-ch 2 


Cl 


ch 3 

The Chloro Aqd 


into a structure containing a spiran carbon atom. The structures for 
griseofulvin and /sogriseofulvin hence become— 

OCH. 


H 3 CO 


H,CO 



= 0 


O 


Ho CO 


H,CO 



CO 


O 


C—CH 

\ / \ 

c c 

/ \ / 

c— ch 2 


OCH. 


CH a 

ijoGriseofulvin 
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The substances are thus the isomeric monomethyl enol ethers of 
griseofulvic acid which is a tautomeric enol, and a 1 : 3 : 5-triketone— 



O 


C-CH„ 

\ 
C 

\ / 
CH—CHo 


= 0 


CH 3 

Griseofulvic Acid 


The systematic names for these products are extremely cumbersome. 
Thus griseofulvin s full name is: 7~ohloro-4 : 6-dimethoxycoumaran- 

3 -one- 2 -sp/ro-i'-( 2 , -methoxy- 6 / -methykyc/ohex- 2 -en- 4 / -one). In 

order to overcome this difficulty and to facilitate the naming of the 
other substances encountered in this field the name “grisan” has been 
proposed for the structure— 



Grisan 


Using this system griseofulvin has the shorter name: 7-chloro-4 : 6 :2'- 
trimethoxy-6'-methylgris-2'-en-3 :4'-dione. 

The structures of griseofulvin and isogriseofulvin adequately express 
all the chemical facts. For example, on the structure advanced, it 
would not be expected that isogriseofulvin would give 3-methoxy- 

2 1 on oxidation. Griseofulvic acid becomes a derivative 

of dihydroresordnol, and is related to dimedone— 


O 


O 



H 2 C 

\ 


CH a 

\ 

c=o 



h 3 c c- 

\ / 

c 

/ \ 

H s c CH a 


CH a 

\ 

C 


= 0 



Dihydroresorcinol 


Dimbdonh 


x 7—(T.jxo) 
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Its reduction products (A), (B), and (C) mentioned earlier in this section 
are formulated as follows— 


HoCO 



OH 


CH—CH. 


\ 


Cl 


C 

/ \ 

CH—CH 

CH, 


CH OH 


Non-lactonic Alcohol (/l), C ia H I9 O e Cl 


OH 


H 3 co 




Jx 

/ co \ 

GH¬ 

z'* 

-CH, 

\ 

1 I 

( 

W 

•»CH, 

A/ 

\ 0 / 

\ 

/ 

CO I 

CH- 

-CH, 


Cl 


CH. 


Non-lactonic Alcohol (B), C lc H tt O B Cl 


H,CO 



J CO CH ““ 

y Y V 

-CH, 

\ 

\ 

CH, 

y \ 0 

/ \ 

/ 

CH- 

-CH, 

cl 

1 

ch 3 



Neutral Product (C), C 18 H 19 0 4 C! 

The structure (£) was chosen instead of the equally possible isomer 
in which the hydroxyl group is attached to die C 4 carbon atom 
because on oxidation a ketone was produced for which it was established 
that the carbonyl group was attached to the C 2 atom. 

In norgriseofulvic acid, one of the methoxy groups in the chlorinated 
aromatic nucleus has been removed. It is not certain which one is lost 
but it is considered that that adjacent to the carbonyl group of ring B 
is involved as this best explains the readiness with which this methoxy 

group is hydrolysed. 
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The formation of decarboxygriseofulvic acid involves rearrange¬ 
ment of the molecule. It is not a derivative of grisan but of dibenzo- 
furan— 

H 3 CO 



CH 3 


Decarboxygriseofulvic Acid 

(8-chloro-l 12:3: 4-tetrahydro-3-kcto- 
5 : 7 -dimethoxy-i-methyldibenzofur:m) 

To conclude this brief account of griseofulvin reference will be made 
to its reduction. Griseofulvin yields five reduction products, three 
separate routes being followed according to the conditions. 

When a palladium—charcoal catalyst was used, hydrogenation was 
either slow or rapid depending upon chance changes in the catalyst. 
Slow reduction gave the following four products: dihydrogriseo- 
fulvin, C 17 H 19 O e Cl (40 per cent), in which the ethylenic double bond 
was reduced; a product shown to be a tetrahydrodeoxygriseofulvin, 
Ci 7 H 21 0 6 C 1 (2 6 per cent); and small amounts of two substances, 
Ci 7 H 2l 0 6 Cl, and the dechlorinated, fully reduced product C 17 H 22 0 6 . 
In some experiments reduction was rapid at first (1-5 moles of hydro-i 
gen) and then slackened off. Interruption of the reduction at the end 
of the rapid phase gave, as before, dihydrogriseofulvin, C 17 H 19 O e Cl 
(57 per cent), and also a new product, C 17 H 19 0 6 C 1 (26 per cent). 
This new, fifth reduction product replaced the tetrahydrodeoxy- 
gnseofulvin which was only present to 3 per cent, but it yielded the 
latter product on further reduction. Continued reduction of dihydro¬ 
griseofulvin gave the chlorine-free product Reduction of 

gnseofulvin using Adams’s platinum oxide catalyst gave the product 

The relationships between these products are given in the scheme 
f a c mg p 2 5 2 Special attention may be directed to reduction following 
route (m). Here reduction of a carbonyl group to methylene (C : O 
o CHj) has taken place using a palladium catalyst, before reduction of 
the reactive ethylenic double bond. This type of reduction is most 
unusual, in fact it is unique, no other similar example being known. 



252 THE CHEMISTRY OF MICRO-ORGANISMS 

Reduction of tiogriseofulvin followed mainly route (ii). A rapid 
uptake of hydrogen (2 moles) was followed by a slow absorption of a 
further 1 mole. Pure products were obtained only when the reduction 
was stopped at the end of the rapid phase. The compound C 17 H 21 0 6 Cl, 

isomeric with that obtained by route (ii) from griseofulvin, was the 
main product— 


H,CO 


HXO 


O 



OCH 


Pd/Ht 


ch 3 

j'iopriseofulvin 


H 3 CO 



CO 



OH 

CH—CH, 

\ / V 

C 


CHOCH 


O 


CH—CH, 


Cl 


CH 3 

the compound C,-H„O e Cl 


There are three features of especial interest in the griseofulvin 
molecule. The occurrence of chlorine is unusual. The occurrence of 
the spiran carbon atom is not unknown but is rare in natural products. 
Finally there is a distinct similarity between the structure advanced for 
griseofulvin, and more particularly of its isomer, and that of one of 
those advanced for erdin. (See p. 253) 

It is an interesting fact that the non-chlorinated product, dechloro- 
griseofulvin, C 17 H 16 0 8 , has been obtained from the culture filtrates of 
both Penicillium griseo-ftilvum and Petticillitmi nigricans (MacMillan, 1951, 
I 953 )- The structure of dechlorogriseofulvin is precisely the same as 
that of griseofulvin (q.v.) except that the chlorine atom is replaced by 
hydrogen. Dechlorogriseofulvin has a melting point of I79 °-i8i° and 
like griseofulvin is optically active, [a]}> 9 = + 39 °° ( c • I'O in acetone). 
It forms needles from benzene or methanol. It is tempting to speculate 
on the order of the enzymic processes responsible for the production 
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H 3 CO 
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H 3 CO T CH—CH 2 
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CH 3 
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COOH 
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CH 

\ 
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C—OCH 3 

h 3 c/ y 

\o/ \ 
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/ 

-CH 

Cl 

II 



0 



A Proposed Structure for Erdin 
CmHi.0,0. 


of griseofulvin and its dechloroderivative, and to link this up with the 
appearance of the less soluble griseofulvin in both the mycelium and 
the culture filtrate, and of the more soluble dechloro compound 
exclusively in the culture filtrate. Such speculations are, however, not 
for this book. 

This account of the mould chlorinated products will conclude with 
a reference to caldariomycin, C 6 H 8 0 2 Cl 2 (Clutterbuck et al ., 1940), 
produced by Caldariomyces fumago , formerly known as Fumago vagans 
Persoon, a member of the Fungi Imperfecti. This mould was grown 
on a Czapek-Dox solution containing twice the normal amount of 
chloride. After about thirty-five days* incubation at 24 0 the culture 
solution was separated, evaporated in vacuo to low bulk, and ex¬ 
haustively extracted with ether. On removal of most of the ether, 
the residue crystallized from the contaminating oil. The crystalline 
material was recrystallized from petroleum ether, or better chloroform, 
to form colourless needles melting at 121 0 . 

Caldariomycin is soluble in water and most organic solvents, and 
is optically active, [oc] 4 m = + 59*2° (c. 0*338 in water). It is a stable 
substance, not losing water or hydrogen chloride at temperatures 
below 180 0 . It contains no methoxy or carbon-methyl groups but 
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possesses two reactive hydrogen atoms (ZerewitinofF). The two 
chlorine atoms are very labile, being liberated almost quantitatively 
as chloride when caldariomycin is allowed to stand in the cold in one- 
tenth-normal sodium hydroxide solution. 

On catalytic reduction caldariomycin yields cyc/opentanone, C 6 H 8 0 , 
showing that the substance is a derivative of cyc/opentane. Further^ 
on oxidation with cold aqueous chromic acid, it produces succinic 
acid indicating the presence of the grouping =C—CH 2 —CH 2 —C=. 
It appears to contain two hydroxyl groups, but shows no kctonic 
reactions. Since caldariomycin is unaffected by periodic acid these 
hydroxyl groups are not adjacent. Therefore the groups = CH 2 .CO= 
and =C(OH).C(OH)= are absent. 

These facts show that caldariomycin is a dichlorodihydroxyryc/o- 
pentane. The following three structures are possible— 


CC 1 2 

/ \ 

HO.CH HC.OH 

I I 

ch 2 —ch 2 

(I) 


CHCl 

/ \ 

(HO) 2 C CHCl 


CH 2 —ch 2 
(II) 


C(OH) 2 
CH HCCl 

I I 

ch 2 —ch 2 

(III) 


All these formulae fit the above facts. However, formulae II and 
III are hydrates and would be expected to lose water more readily 
than caldariomycin does. For example, caldariomycin distils un¬ 
changed at I49°-I50° at 20 mm, a treatment which partially or 
completely dehydrates other known hydrates such as that of chloral, 

cci 3 .cho.h 2 o. 

It is therefore most probable that caldariomycin is represented by 
formula I above and it is thus 2 : 2-dichlorocyc/opentane-i : 3-diol. 
No dichlorodihydroxycyc/opentanes have been encountered before, 
either in the laboratory or in Nature and the production of this 
substance from glucose and potassium chloride is a remarkable 
achievement on the part of the mould. 

Of the other elements which play a large or small part in microbial 
metabolism cobalt has already been mentioned in Chap. IV in con¬ 
nection with vitamin B 12 . One feature of the metabolism of cobalt 
in contrast with that of zinc and copper may be mentioned. Aspergillus 
tiiger is one of the organisms which produce vitamin B 12 but not, of 
course, in die complete absence of cobalt. However, its growth is 
unaffected by the lack of this element. Here there is a sharp distinction 
from the situation with zinc and copper. Both these elements are 



INORGANIC CHEMISTRY AND MICRO-ORGANISMS 255 

essential for the growth of Aspergillus niger yet how they are utilized is 
unknown. When the supply of copper is made very small the mould 
does not produce its usual black mycelium but a brown, yellow, or 
white growth (Steinberg, 1935): yet the black pigment found in 
normal mycelium has been isolated and found not to contain copper 
(Lund et al., 1953). 

Molybdenum is another trace element which is essential for the 
growth of certain organisms, especially those concerned with nitrogen 
fixation (Marston, 1952). Cultures of Azotobacter, a free-living 
bacterium, and of Rhizobium , a symbiont in the root nodules of 
legumes, cannot fix atmospheric nitrogen in the absence of molyb¬ 
denum. Similarly, cultures of Aspergillus niger whose nitrogen source 
is sodium nitrate grow poorly in the absence of molybdenum. It 
seems safe to conclude that this element is involved in the early 
nitrogen metabolism of micro-organisms, but a great deal of work 

remains to be done before anything more definite than this can be 
said. 
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CHAPTER XI 


MICRO-ORGANISMS AND CHANGES IN 

THEIR ENVIRONMENT 


Nutritional changes are amongst the most important of those to 
which micro-organisms are subjected in Nature and in the laboratory. 
Nutritional studies involving micro-organisms arose out of the desire 
to grow them on artificial media. Organisms such as yeasts, Myco¬ 
bacterium leprae , Haemophilus influenzae , and many higher fungi cannot 
be cultivated on such media but require additions of materials such as 
hydrolysed protein or blood, and even then Mycobacterium leprae 
makes no growth. The role of growth factors in yeast metabolism was 
known some ten years before it was in the case of bacteria, and in both 
cases the state of nutritional deficiency is much die same as it is with 
animals. In fact the field of vitamins and growth factors illustrates very 
well the unity of Nature, a growth factor for micro-organisms being 
found perhaps years later to be a vitamin and conversely (Knight, 1945). 

The study of microbial nutritional deficiencies began with Wildiers’s 
work on the bios problem and die resolution of the famous dispute 
between Pasteur and Liebig on the inability or otherwise of yeasts to 
grow on purely synthetic media. Wildiers (1901) showed that if the 
inoculum were big enough die yeast grew because growth factors 
were carried over with the inoculum. The substances carried over 
were named the bios complex and much later some of the constituents 
were characterized. 

Bios I was identified as wesoinositol by Eastcott in 1928. Its structure 

is as follows (Postemak, I 94 2 )— 

OH OH 



H OH 

m«olNOSITOL 


It is of some interest in several connections. It is required by different 
strains of yeasts with differing degrees of exactitude. Some strains 
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make no growth at all unless inositol is supplied. Others make a poor 
but definite growth and this is stimulated by added inositol. This is 
an example of the enzyme system responsible for the production of an 
essential nutrilite being the slowest production unit—a bottleneck. 
Other yeast strains again make all the inositol they need and their 
growth is vigorous in its absence and is unaffected when inositol is 
added. Many bacteria have been proved to produce inositol, among 
them Pseudomonas jiuorescens , Serratia marcescens, Proteus vulgaris, and 
Clostridium butylicum. Inositol is of great importance in the metabolism 
of brain and heart muscle of higher animals, and is very important in 
mouse nutrition. It is also essential for insect life. 

In this connection there is a very interesting link between inositol 
and the new insecticide “Gammexane.” This substance is the gamma- 
isomer of hexachlororyr/ohexane and as such is structurally closely 
related to inositol. The reason advanced for the great effectiveness of 
“Gammexane” is that it competes with mesoinositol on the protein 
surface of enzyme systems dependent on inositol and thus deranges the 
insect’s metabolism (Annotation, 1952). 

Inositol is not known to be a growth factor for bacteria although, as 
stated above, it is produced by many species. A point of interest for 
the organic chemical analyst is illustrated in the following. It was 
shown by Kluyver et al (1939) that Pseudomonas beijerinckii Hof was 
die organism responsible for the production of a purple discoloration 
in salted beans. The purple pigment was isolated and proved to be the 
calcium salt of tetrahydroxy-p-quinone— 


HO OH 



This substance is clearly derived from inositol. The interest in it from 
the organic chemist’s viewpoint is that a well-known test for inositol 
(that of Scherer, 1852) depending on oxidation with nitric add and 

rfZTltt c * ,d “p» »«*. %. p.« P «,do» 

One of the other constituents of Wildiers’s bios complex has been 
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isolated and synthesized. This is the sulphur-containing; product 
biotin (Bios IIB)— 


O 


/ C \ 

HN NH 


HC-CH 


H 2 C CH.CH 2 .CH 2 .CH>.CH 2 .COOH 

\ s / 

Biotin (Melville et ai, 1942) 


Biotin was first obtained from a yeast strain designated “Rasse M” by 
Kogl and Tonnis, 1936, and later linked up with growth requirements 
of the bacterial species Rhizobium. It was at first known as “coenzyme 
R,” and later shown to be identical with Gyorgy and du Vigneaud’s 
“vitamin H” a vitamin of importance in animal nutrition (du Vigneaud 
et al.y 1941). The gradations in nutritional requirements are illustrated 
very well by biotin. Some strains of yeast and of Rhizobium need 
added biotin, some grow poorly but definitely and are stimulated by 
its addition, others are indifferent to its presence or absence and have 
been proved to synthesize it. 

Pimelic acid, HOOC.(CH 2 ) 5 .COOH, is a part of the biotin molecule, 
and some strains of Cory neb acterium diphtheriae react to pimelic acid 
addition by stimulated growth in the same way as they do to biotin 
addition. This is another example of bacteria able to synthesize “one 
half” of a molecule. 

Of the other components of the bios complex special mention may 
be made of pantothenic acid— 

H 3 C ch 3 

\/ 

HO.CH 2 —C—CHOH.CO.NH.CH0.CH0.COOH 

and / 5 -alanine, NH 2 .CH 2 .CH 2 .COOH. 

Pantothenic acid is a substance which was new to organic chemistry, 
and also a new vitamin, which was discovered as a result of studies of 
yeast metabolism (Knight, 1945)- ^ I s one ^e members of the 
vitamin B complex being the “anti-dermatitis factor for chicks and 
“liver filtrate factor” for rats. It is required as a growth factor for many 
bacteria, especially for some strains of Corynebacterium diphtheriae. 
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Many lactic and propionic bacteria, Streptococci, Leucotiostoc rneseti- 
teroides, and Clostridium perfringens also require it. 

/?-Alanine is a constituent part of the pantothenic acid molecule. It 
can replace pantothenic acid for some strains of Corynebacterium 
diphtheriae but not others. Presumably the former can synthesize the 
“other half” of the molecule. The “other half” is in this case pantoic 
lactone and the acetic acid organism, Acetobacter suboxydans y as also one 
strain of Streptococcus haemolyticus y can use pantoic lactone instead of 
pantothenic acid as a growth stimulant. 

The bios problem and the nutrition of yeasts was studied in 1901 by 
Wildiers and it was not until some twelve years later that a similar 
nutritional problem was opened for bacteria, when Twort and Ingram 
published their classic work A Monograph on Johnes Disease. Johne’s 
bacillus is now named Mycobacterium paratuberculosis and it is closely 
related to Mycobacterium phlei (the Timothy grass bacillus) and to 
Mycobacterium tuberculosis. Johne’s bacillus was shown not to grow 
upon certain synthetic media which supported the growth of the other 
Mycobacteria mentioned. However, when the medium was enriched 
with extracts of the dead bodies of Mycobacterium phlei grown on 
normal media, then Johne’s bacillus made good growth. The biolog¬ 
ical explanation of this is as follows. Johne’s bacillus is a pathogen 
attacking herbivorous animals. It is probable that in the distant past 
strains of Mycobacterium phlei were ingested with Timothy grass and 
accustomed themselves to the change in their environment by becom¬ 
ing parasitic on the animals ingesting them. In doing so they lost the 
power to synthesize certain essential nutrients, a power retained by the 
non-pathogenic organisms remaining on the Timothy grass. The two 
strains lived their separate lives and now the pathogen can only grow 

on MHfiaa 1 media if the media are enriched by growth factors such 
as those derived from the dead bodies of the saprophyte. 

An indication of the chemical nature of the factors was given by 

Woolley and McCarter who showed, in 1940, that phthiocol, and 
2-methyl-i: 4 -naphthoquinone— 


O 



O 

Phthiocol 


O 



O 


2 “Methyl-1: 4 -naphthoquinone 
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both obtainable from cultures of Mycobacterium phlei gave a marked 
increase in the rate of growth ofjohne’s bacillus on synthetic medium. 

Aneurin (Vitamin B lf thiamin) has already appeared with its 
formula in Chap. X. Its role in animal nutrition was established long 
before it was implicated in the metabolism of micro-organisms. It 
was not until 1934 that Schopfer showed that it was essential for the 
growth of the fungus Phycornyces blakeslecanus. In 1936 Tatum showed 
that it was required by strains of Propionibacterium. It is an essential 
nutrilite also for Staphylococcus aureus. However, whereas a training 
system can induce Propionibacteria to produce their own aneurin, 
this is not possible with Staphylococcus aureus. Most bacteria yeasts and 
moulds produce their own aneurin. Some bacteria can synthesize the 
“pyrimidine half” of the molecule given the “thiazole half,” others 
can perform the converse feat of chemistry. 

Riboflavin, vitamin B 2 , has also been mentioned in earlier parts of 
this book. Its structure is given in Chap I. Like aneurin it was dis¬ 
covered during studies of animal nutrition and later found to be 
essential for certain moulds, yeasts, and bacteria. Staphylococcus aureus 
and Corynebacterium diphtheriae are examples of organisms which 
synthesize their own riboflavin; Streptococcus faecalis , some propionic 
acid bacteria, and some lactic bacteria are organisms which cannot 
produce it. The organism Lactobacillus mannitopoeus presents a curious 
puzzle. It grows on purely synthetic media provided either aneurin 
or riboflavin is present, but not if both are absent. Either the presence 
of one is essential for the production of the other or else alternative 
pathways are open in the enzymic reaction chain. Similar examples 
are known with other vitamins and organisms. It seems to be a 
general rule that less of a given vitamin or growth factor is required 
for optimum growth if several (sometimes only one) other factors are 

present in large amounts (Knight, 1945). 

A little may now be said about several growth factors all of which 

are based on the pyridine nucleus. 

The simplest of these is nicotinic acid, and the amide (niacin) is also 

an important growth factor. 


CO.NH.NHo 


COOH 


CO.NH, 



N 

Nicotinic Acid 




Nicotinic Acid 
Amide (Niacin) 


woNicotinic Acid 
Hydra zide (Isoniazidb) 
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The formula of isoniazide is given here also because this compound 
has recently come to the fore in the treatment of tuberculosis. The 
three formulae illustrate the close relationship between growth factors 
and antibacterial substances. 

Nicotinic acid was first shown to be important in nutrition following 
studies of bacteria. Strains of Haemophilus influenzae cannot be grown 
in the absence of growth factors known as the “X” and “V” factors. 
The “V” factor has been shown to be the coenzyme i (or 2), which 
is a pyridine nucleotide. The organism is similarly exacting with 
regard to nicotinic acid, this acid being required in order to synthesize 
the nucleotide. It was later shown that other bacteria need nicotinic 
acid. These include strains of Staphylococcits aureus , Corynebacterium 
diphtheriae, Proteus vulgaris , and species of Brucella and lactic bacteria. 
Most moulds and yeasts make their own nicotinic acid. 

Nicotinic acid amide is a growth factor for many bacteria. Strains 
of Pasteurella utilize niacin but not nicotinic acid, and some strains of 
Staphylococcus aureus respond better to the amide than to the acid. 

Animal nutritional requirements for nicotinic acid were not dis¬ 
covered until after its implication in bacterial metabolism. Its absence 

from the diet causes pellagra in human beings and canine black tongue 
in dogs. 

In the three other growth factors based on pyridine, the nucleus is 

more fully substituted. They are closely inter-related, their names 
and structures being as follows— 


HO 



CH 2 OH 
CH a OH 


CHO 


h 3 c - • H 3 C 

Pyridoxins (Vitamin B fl ) 



CHoOH HO 


CH 3 NH 2 

ch 2 oh 


HX 



Pyridoxaminb 


In contrast to nicotinic acid, pyridoxine was found to be important 
m human and animal nutrition before it was discovered to play a role 
in bacterial metabolism (Gyorgy, 1935). Pyridoxine is an essential 
growth factor for Lactobacilli such as Lactobacillus casei and Lactobacillus 
(telbrucku. Streptococcus haemolyticus and Streptococcus mastitidis are also 
exacting with respect to pyridoxine; on the other hand Lactobacillus 
arabmosus does not require it to be added to artificial media, and 
Leuconosloc mesenteroides occupies an intermediate position in which 
its growth is stimulated by added pyridoxine. 
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Pyridoxal and pyridoxainine are growth factors in their own right. 
They are not merely converted into pyridoxine before utilization. 
For example. Streptococcus lactis R responds better to these growth 
factors than it does to pyridoxine. 

An interesting example of the inter-relationship of several essential 
nutrients concerns substances as diverse as adenylic acid, carbon 
dioxide, pyridoxine, and oxygen. Streptococcus haemolyticus requires 
less adenylic acid for growth when pyridoxine is available, and also less 
carbon dioxide. Similarly lactic bacteria require more pyridoxine 
when growth takes place at very low oxygen tensions than under more 
normal conditions. It is very possible that adenylic acid, carbon 
dioxide, oxygen, and pyridoxine are all important in the same enzyme 
system. 

p-Aminobenzoic acid, p-NH 2 .C 6 H 4 .COOH, was well known to 
organic chemists for very many years before its importance in nutrition 
was realized. This discovery followed the use of sulphanilamide, 
p-NH 2 .C 6 H 4 .S 0 2 NH 2 , in medicine. It was found that extracts of 
yeast or Streptococci enabled cultures of the Richards strain of Strepto¬ 
coccus haemolyticus to flourish in media containing lethal amounts of 
sulphanilamide. Some substance present in these extracts inhibited the 
action of the latter and it was reasonable to suppose that a chemical 
relationship existed between them. Amongst a number of such related 
substances p-aminobenzoic acid was found to possess an outstandingly 
high activity. Subsequendy yeast extracts were found to contain 
p-aminobenzoic acid. The acid was later shown to be an essential 
factor of Clostridium acetobutylicum , Lactobacillus arabinosus y Acetobacter 
suboxidans , and other bacteria. One of the mutant strains of Neurospora 
is “aminobenzoic acid-less,*’ namely this mould strain requires p- 
aminobenzoic acid. 

The specificity of the acid is very high, nearly related substances not 
being able to replace it. In many cases, but not all, the antibacterial 
activity of sulphanilamide is due to its blocking an enzyme system 
utilizing p-aminobenzoic acid. 

Glutamic acid, HOOC.CH(NH 2 ).CH 2 .CH 2 .COOH, and glutamine, 
HOOC.CH(NH 2 ).CH 2 .CH 2 .CONH 2 , are needed by some bacteria in 
order to initiate growth. Glutamine is somewhat similar to carbon 
dioxide in this respect. Proteus vulgaris will not grow in the absence 
of added glutamine. However, once a litde has been supplied and 
growth has commenced the organism produces its own, and there is 
no longer a proportionality between the quantity of glutamine 
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supplied and the amount of growth. This contrasts sharply with the 
case of nicotinic acid, where growth is strictly proportional to the 
amount of nicotinic acid added. 

A group of vitamins belonging to the B complex has been in¬ 
tensively studied during the past ten years. They are worthy of a 
brief mention here because they link together research directed in 
several different directions. This group of vitamins is described as the 
“folic acid complex.” Several of these factors are known and their 
isolation and characterization as a group form a most interesting new 
development in organic and biochemistry. 

The discovery of the group shows the now familiar link up of 
animal and microbial deficiency studies. Folic acid was first isolated 
by Mitchell et al. t from spinach in 1941. It stimulated the growth of 
two vitamin assay organisms, namely Streptococcus lactis R (Strepto¬ 
coccus faecalis R) and Lactobacillus casei. Folic acid was thus initially a 
plant product. Later, extracts of yeast and extracts of liver were found 
to contain similar products (O’Brien, 1946). However, whereas both 
were equally active towards Lactobacillus casei t the liver factor was 
twice as active as the yeast factor towards Streptococcus lactis R. If the 
spinach and liver factors are taken as being identical (which is not 
quite certain) this means that two distinct factors have so far been 
mentioned. A third factor was obtained from a species of Coryne- 
bacterium. This product was known as “fermentation L. casei factor” 
because it was active for Lactobacillus casei. However, it was even less 
active than the yeast factor for Streptococcus lactis R. Yet another 
factor, making the number four, was isolated from the residual liquors 
from which fumaric acid had been produced by the mould Rhizopus 
nigricans (Rickes et al. y 1947). This factor was named “rhizoptcrin.” 
It was inactive for Lactobacillus casei but was active for Streptococcus 
lactis R. Finally a fifth product was obtained by an indirect means 
from liver. It was found that Leuconostoc citrovorum grew on a synthetic 
medium containing liver extract (Sauberlich and Baumann, 1948). 
The liver extract could be replaced by the optically active product 
derived from rhizopterin by hydrogenation and autoclaving (Shrive 
et al. 9 1950). This last product was designated “citrovorum factor,” 

or folinic acid. Folinic acid is only one-half as active as folic acid for 
Streptococcus lactis R. 

There are thus five of these naturally occurring growth factors, the 
sources of which cover the whole of the living kingdom: bacteria, 
yeast, a mould, a vegetable, and an animal tissue, liver. It will be seen 

18—(T.510) 
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in what follows that insects enter the story at a later stage, and the 
reason for the universality of these products is ex 
simple grounds. 

All the five products have been obtained in a pure form and have 
been found to contain the pteridine nucleus, previously encountered 
in the pigments of certain insects. For example the yellow bands of the 
wasp contain a yellow pigment xanthopterin, which because of its 
stability and difficulties of purification and combustion, was something 
of a problem until modem methods made its structure clear in 1940 
(Simpson, 1946). Similar remarks apply to the closely related colour¬ 
less substance leucopterin occurring (up to 4 per cent by weight) in the 
wings of the cabbage white butterfly, Pieris brassicae (Albert, 1952). 

As a class of compounds the pteridines vary widely in their proper¬ 
ties. The parent substance pteridine is a yellow solid melting at 139-5° 
and is somewhat volatile although odourless (Albert et al y 1951). 
Unlike the naturally occurring pteridines it is soluble in water. 
Xanthopterin and leucopterin are infusible and difficult to purify and 
characterize. Syntheses in the pteridine field assisted gready in 
elucidating the structures of these products and they have now been 
synthesized. 

The chemical structures of pteridine, xanthopterin (Purrmann, 
1940), and leucopterin (Wieland and Purrmann, 1940) are as follows— 




Pteridine 


OH 

HO \/ N \X\ 

N 

Xanthopterin 

(2-aniino-4 : 6-dihydroxy- 
ptcridinc) 


OH 


HO 


\/ 


HO 



NH. 


Leucopterin 

(2-amino-4 : 6 : 7-tri- 
hydroxyptcridinc) 


The compounds of the folic acid complex contain side chains in 
place of the hydroxyl group in the 6-position. The structure .of 
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pteroylglutamic acid, confirmed by synthesis (Angier et a/.,-1945), is 
as follows— 


HOOC.CH2.CH3.CH.NH.CO 



COOH 


NH.CH, 


OH 



NH. 


Folic Acid: Pteroylglutamic Acid 


It will be noticed that this structure can be broken down into three 
portions, glutamic acid, p-aminobenzoic acid, and 6-methylxanth- 
opterin. The name pteroic acid has been widely used to describe the 
compound freed from glutamic acid— 


OH 



Pteroic Acid 


Pteroic add was found to be the product obtained when rhizopterin 
was hydrolysed under mildly add conditions (Rickes, et al t 1947). 
Conversely direct formylation of (synthetic) pteroic add by heating 
it with formic add on a boiling water bath gave rhizopterin. From 
this and other evidence rhizopterin is assigned the structure— 

OH 


> k 

N * \NH a 

Rhizopterin 
(10-formylpteroic add) 

,c ? n . rcdU j. aon “ d autocla ving rhizopterin yields dtrovorum factor 
(fohmc aad). This appears to be due to migration of the formyl 
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group to the 5-position, the reduction having previously saturated the 

N5 and C7 double bonds. The structure of folinic acid is thus (Shive 
et al ., 1950)— 


CHO OH 


HOOC 




NH.CH, 


/ 

CH 

CH 

\ 



NH^N^NH., 


Folinic Acid 


To complete the chemical structures it is necessary now to deal 
with the yeast factor, and the “fermentation L. casei factor” from the 
Corynebacterium species. The latter has been shown by Boothe et al. 
(1948) to be pteroyl-y-L-glutamyl-y-L-glutamyl-L-glutamic acid, and 
has been prepared by a purely synthetic route for use in medicine. 
Its structure is as follows— 



COOH COOH 


OH 



Fermentation L. casei Factor 


Finally the yeast fermentation factor has been shown to be a pteroyl- 
heptaglutamate, and to yield pteroylglutamic acid on enzymic 
digestion. It is not known whether the y-orientation exists throughout 
the long side chain in the yeast factor. It is most accurately described 
as hexa-(L-glutamyl)-pteroyl-L-glutamic add (Pfiffner et al ., 1946). 

Before leaving this brief mention of the group of pteridine growth 
factors, the resemblances between these substances and other bio¬ 
logically important products may be noted. 
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In guanine— 


OH 



the pyrimidine ring is exactly the same, including the substituents, as 
it is in the folic acid group. Similarly in riboflavin, two of the three 
rings present have precisely the same carbon—nitrogen skeleton as is 
found in the pteridines. 

The reason for the wide distribution of pteridines in Nature appears 


to be that they play a large part in the processes leading to cell division. 


Citrovorum factor is especially active in this respect. There is a certain 
parallelism between the action of pteroylglutamic acid and vitamin B 12 
in that both are active against certain types of anaemia. Pteroyl¬ 
glutamic acid rapidly cures anaemia of pregnancy, and a type of 
anaemia caused by some surgical procedures. Vitamin B 12 is ineffective 


against these conditions, but on the other hand is more effective than 


folic acid in the treatment of pernicious anaemia. 

The effect of changing environmental conditions may be illustrated 
from several examples known in the case of moulds. Petticillium 


griseo-fulvum is an especially adaptable mould species (Raistrick, 1938). 
The products being produced under different conditions are easily 
detected by changes in the colour produced when ferric chloride is 
added to the culture solution. When the mould was grown at 24 0 on 
Czapek-Dox medium containing 5 per cent glucose as the sole source 
of carbon and 0-02 per cent sodium nitrate as sole nitrogen source, 
with mineral salts being supplied, the metabolism solution gave, after 
35 days an intense, stable, purple coloration with ferric chloride. The 
product responsible for the colour was isolated and proved to be 
2 -hydroxy- 6 -methylbenzoic acid' (methylsalicylic acid). The yield 
was considerable, being 2-4 per cent of the glucose metabolized. 

On changing the culture conditions a different ferric chloride 
reaction was obtained. The mould was grown for 40 days on a solution 
containing 8 per cent of glucose and 0-025 per cent of sodium nitrate, 
otherwise using the same Czapek-Dox medium as that on which the 
mould previously gave methylsalicylic add. The incubation tempera¬ 
ture was 40° instead of 24 0 and the ferric chloride colour was now 
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dark blue instead of purple. Under these conditions the product 

formed was gentisic acid, which has already been noted, accompanied 

by some methylsalicylic acid. This was the first occasion on which 

gentisic acid had been obtained from a natural source (Raistrick and 
Simonart, 1933). 

Finally, when the nitrogen source was changed from sodium 
nitrate to ammonium tartrate (5 g/1), but the other components of the 
Czapek-Dox solution were unchanged, a difFcrent product was 
produced. This time the ferric chloride colour reaction was not blue 
or purple but green, and the product isolated was a hitherto undes¬ 
cribed phenolic acid, fulvic acid, C 14 H 12 O s (Oxford et al ., 1935). No 
constitution has yet been assigned to this substance. It is produced in 
larger yields by Petiicillium flexuosum , when it is accompanied by 
methylsalicylic acid, and (unaccompanied by this acid) by Petiicillium 
Brefeldianutn. 

The versatility of Petiicillium griseo-fulvum is further illustrated by the 
fact that when it is grown on Czapek-Dox solution in which 0-5 g 
per litre of potassium chloride is the only source of chlorine, the dried 
mycelium contains the two products griseofulvin, C 17 H 17 O g C 1 , and 
mycelianamide, C 2 2H 28 0 5 N2, one a complex chlorinated product and 
the other a complex nitrogenous body. These substances have been 
mentioned in the preceding chapter. In addition to these substances 
fumaric acid and mannitol have been isolated from cultures of this 
mould. 

A case of variation in the products produced by a mould according 
to presence or absence of heavy metals is given by A. Brack (1947)* 
The mould concerned was closely related to Petiicillium patulum and 
like it produced patulin, a y-pyrone derivative and gentisyl alcohol, 
an aromatic phenolic alcohol. Brack showed that on a standard 
synthetic medium the presence of excess ferrous sulphate in the medium 
led to production of much patulin but little gentisyl alcohol. Con¬ 
versely the yield of the alcohol was a maximum when the ferrous 
sulphate was reduced to 1 mg/ 1 . A similar effect was shown with 
zinc and manganese. When zinc was present in excess the product was 
largely gentisyl alcohol and when manganese predominated it was 
largely patulin. The effect of copper was less marked but favoured 
gentisyl alcohol production. 

From what has just been said it is clear that microbial cells contain 
a variety of enzyme systems enabling them to adapt themselves to 
widely varying conditions. The same powers are also shown by the 
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cells of higher organisms but this fact tends to be masked because they 
are multicellular. In micro-organisms cells are usually independent 
and the removal of a few million cells has no marked effect on the few 
which can adapt themselves. J. W. Foster (1947) has developed the 
idea in an elegant fashion in his discussion of so called “shunt meta¬ 
bolism.” He points out that in its normal habitat the microbial cell 
adapts itself to all types of diets and in all quantities. He suggests that 
the reason why moulds produce so many metabolic products is that 
enzyme systems become surfeited, and latent—reserve—enzyme 
systems are called into play. This results in a shunt of the meta¬ 
bolism, accumulation of by-products accompanying the more 
normal build-up of mycelium, and production of carbon dioxide 
and water. 


Quite a good example of this type of reaction to changed conditions 
is provided by the pin mould (species of Mucor ). This organism is very 
aerobic but if it is grown under conditions in which aeration is 
restricted, for example by preventing a felt of mycelium from being 
formed (by agitation), then its metabolic products are mainly ethanol 
and carbon dioxide instead of mycelium and carbon dioxide. In fact 
the mould is producing the same metabolic products as yeasts and for 
the same reason, the conditions are semi-aerobic instead of being 
aerobic. The similarity is even closer because the cells of the Mucor, 
instead of being the usual non-septate enormously elongated mycelial 
cells, become oval and very yeast-like in appearance. The altered 
conditions have in effect converted a mould into a “yeast.” 

An even more striking transformation of one type of cell into 

another is afforded by penicillin. Here we have a chemical action 

operating on cells. Normally, as has already been mentioned cell 

division is impaired by penicillin and giant forms appear which die 

because of the operation of the “scale-up” effect. This is one type of 

chemical alteration of a cell. However, the French workers of 

endrely s school showed that a change in the opposite sense, towards 

the conversion of bacteria into viruses could also be brought about by 
penicillin. 7 


Vendrely found that when Proteus cultures were grown on a solid 
medium containing serum and high concentrations of penicillin, the 
co omes were lysed after about six hours. However, numerous tiny 
colonies were visible under the microscope and after 48-72 hr these 
were still only 0-5 mm in diameter. These colonies are composed of 
sub-microscopic forms only 0-2 p in diameter, and can be cultivated 
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on special liquid media. They contain great quantities of deoxyri¬ 
bonucleic acid, and appear to be cells intermediate between bacteria 
and viruses. In fact Vendrely suggests that they are in effect viable 
fragments of the Proteus cells, the nuclei unable to synthesize their 
cytoplasm. In this respect they so closely resemble viruses that Vendrely 
suggests that the first steps have now been taken for the conversion of 
one type of organism into another by human interference. 

These studies of the effects of changed environments on microbial 
cells lead to a chemical approach to differences between them. This 
chemical view of cells has been considerably advanced during recent 
years by investigations into why some cells retain dyes more strongly 
than others. Although the nature of acid-fastness has received some 
attention still more has been directed to that of “Gram-positiveness.” 
Attempts to answer the question why Gram-positive organisms 
retain the dye has led to rather wider questions involving differential 
behaviour of cells to all sorts of changes. The remainder of this chapter 
will therefore be a short discussion of the nature of the Gram stain. 

In order to deal with the problem adequately some knowledge of 
just what Gram’s procedure involves is necessary and the method of 
carrying out the staining process will be outlined. 

In a typical Gram staining process (e.g. Bartholemew and Mittwer, 
1952) a small quantity of a suspension of bacteria is spread smoothly 
over the surface of a microscope slide, and dried by the application 
of gentle warmth. It is now covered with the “primary dye solution 
containing crystal violet or gentian violet, in a slightly alkaline solution. 
The dye solution is washed off with water, and the dyed bacterial 
preparation is covered with generous quantities of a mordant solution, 
usually Gram’s iodine (1 g of iodine and 2 g of potassium iodide in 
300 c.c. of water). This is again washed off and the slide roughly dried 
by careful blotting. The preparation is now decolorized with ethanol 
or acetone and it is at this stage that Gram-positive organisms retain 
the blue dye and Gram-negative ones lose it. The solvent is washed 
off with a little water and the counterstain, usually aqueous 0-5 per 
cent safranin, is applied. The Gram-negative cells, namely those 
which were decolorized by the solvent treatment are now dyed red. 
On microscopic examination the Gram-negative cells are red, the 
Gram-positive cells are blue. 

There are thus four distinct stages in the procedure: primary 
staining, application of the mordant, decolorizing, and counter- 
staining. In so far as bacteria constitute biological material, the 
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results of a Gram stain may vary with the conditions of the material, 
as well as with details of procedure. For example the age of the 
culture, the temperature of incubation, and sometimes the medium 
used for growth will affect the result. Similarly Gram-positiveness is 
a property of intact cells so that if the cells are damaged while m 
the preparation, their essential nature may be obscured. Also the 
decolorizing must be judged to a nicety or the preparation will not be 
decolorized enough or else too badly bleached. Similarly the washing, 
iodine treatment, and blotting must all be carried out with a nice 
discretion for a successful slide to result. 



Even making these allowances, however, the differences between 
organisms are striking. Thus the merest novice can usually produce a 
good slide containing Staphylococcus aureus (blue) and Escherichia colt 
(red), whereas even a trained bacteriological technician may have 
great difficulty in demonstrating that Neisseia gonorrhoea is genuinely 
Gram-negative, or that the aerobic spore-forming organisms are 
always Gram-positive. Usually, given a suitable culture of an organism 
it is possible to assign it to its class although this may take several 
staining procedures from cultures grown under various conditions 
(Bartholemew and Mittwer, 1952). 

These points are mentioned because it is a mistake to assume that 
Nature has conveniently divided bacteria into two groups, although it 
is undoubtedly convenient to use as a rough guide such an arbitrary 
man-made division. It is usual to regard the spore-bearing aerobes as 
Gram-positive although it is true that very young cultures may be 
Gram-negative, and so also may very old cultures, and Gram-negative 
cells are almost always present even in the best preparations. Making 
such due excuses for any too sweeping generalizations, some curious 
connections between the results of the Gram stain, and the biochemical 
and biological nature of the organism are apparent. The study of 
these correlations leads to the conclusion that the Gram stain is not 
only an extremely useful diagnostic staining technique, but that the 
Gram reaction is dependent upon deep-seated differences between 
cells, only one set of which are shown up by the Gram stain. The 
elucidation of the mechanism of the Gram stain may be the means 
of understanding the deeper mechanism of cellular processes. 

It is the Gram-positive character which is the most distinctive. It is 
one found only in the microbial section of Nature, that is to say 
moulds, yeasts, and about two-thirds of the bacteria are Gram-positive. 

ant cells and animal cells usually appear to be Gram-negative. 
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Among the bacteria the characteristically Gram-positive organisms are 
the sporing rod forms, the Streptomycetes, the coccus forms, and the 
lactic bacteria. Gram-negative organisms include non-sporing rod 
forms, spiral forms, and certain individual genera such as Neisseria. 
The tiny forms such as Rickettsia are usually Gram-negative also. 

Some of the other properties possessed by the two main classes may 
be mentioned. 

Gram-positive organisms are less readily digested by proteolytic 
enzymes than are the Gram-negative organisms, and also the cells 
show less tendency to autolysis after death. They are also more 
resistant to mechanical damage due to shaking, and to temperature 
changes, pressure, and chemical reagents. However, certain substances 
have been developed as therapeutic agents because they act selectively 
on Gram-positive cells. Penicillin and the sulpha drugs are the out¬ 
standing examples, but some dyes show a similar action. In fact it is 
possible to say that Gram-positive cells are inhibited by basic dyes 
(methylene blue, crystal violet) whereas Gram-negative bacteria are 
checked by acid dyes such as flavines and eosin. This point will be 
referred to again a little later. Gram-positive bacteria arc more 
susceptible to detergents, but are less liable to lysis by alkalis or acids 
than the Gram-negative organisms. However, the Gram-negatives 
are the more susceptible to oxidizing agents such as iodine, dichro¬ 
mates, permanganates, and quinones. In their biochemical powers 
Gram-positive organisms show less ability to synthesize amino-acids 
than Gram-negative organisms, but a greater ability to concentrate 
within the cells, from the medium, amino-acids such as arginine, 

glutamic acid, histidine, lysine, and tyrosine. 

To the chemist and biochemist the correlations above are very 
suggestive. It may be significant that Gram-positive bacteria are more 
susceptible to the toxic effects of basic dyes when alive, and after death 
the cells retain these dyes more tenaciously. One of the early ex¬ 
planations of the mechanism of the Gram stain (Steam and Steam, 
1924) was based on this observation. It was claimed that the iso¬ 
electric point of Gram-negative bacteria was at pH 5*0, whereas that 
of Gram-positive bacteria was at pH 2-0. However, the method of 
determing the iso-electric point was crude. It was first demonstrated 
that for all bacterial cells basic dyes were more strongly absorbed as 
the pH increased, and conversely acidic dyes were more strong y 
absorbed as the pH decreased. The point at which both acidic an 
basic dyes were equally absorbed was defined as the iso-electnc point. 
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The iso-electric point of a protein is the point at which it is neutral, 
the point at which positive and negative charges are equally disposed. 
A protein mass such as a bacterial cell whose iso-electric point is at pH 
2-o normally contains more unneutralized acidic groupings than one 
whose iso-electric point is at pH 5-0, and it was claimed that the iodine 
treatment tended to produce still more carboxyl groups, and still 
further lower the iso-electric point. Under these conditions it would 
be expected that the protein would absorb the basic part (namely the 
coloured ion) of a basic dye more strongly, the lower its iso-electric 
point. This explanation of the mechanism of the Gram stain serves 
equally to explain why a basic dye such as gentian violet inhibits the 
growth of Gram-positive organisms, and also why it preferentially 
stains them. 

However, there are several objections to this theory and it is not 
now in favour. Crushed cells are always Gram-negative, and the 
iodine treatment is useless if applied before the primary dye. Also 
other oxidizing agents are not as effective as iodine, and finally the 
iso-electric point recorded was not a true one, errors of two whole 
units of pH being present. Another objection involves the counter- 
stain, which was not used by the earlier workers. The counterstain 
does more than merely colour previously decolorized cells. In many 
cases it actually displaces the blue dye from cells which can be regarded 
as very feebly Gram-positive. Thus no claim that a given material is 
Gram-positive or Gram-negative can be valid unless the counterstain 
is used. Some of these earlier workers* material may well have been 
Gram-negative by standard procedure, yet returned as a doubtful 
Gram-positive because the counterstain was not used. 

Within recent years other chemical views of the Gram stain have 
won wide support. This is especially so because it has been possible 
to convert Gram-positive cells to Gram-negative by extraction pro¬ 
cedures, and to re-convert the Gram-negative cells to Gram-positive 
by “replating” the extracts on to them (Henry and Stacey, 1946). 

Gram-positive cells may be rendered Gram-negative by simple 
extraction with aqueous sodium cholate or hot aqueous sodium 
chloride (Jones et al . 9 1950). The latter extract contains ribonucleic 
acid (but only slight traces of the deoxy acid) and polysaccharides. 
When the Gram-negative cells are treated with die extract, they again 
become Gram-positive. Sodium cholate is a more searching extraction 
agent than sodium chloride because the Gram-negative cells left after 
the sodium chloride treatment yield a further extract with sodium 
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cholate. This extract contains ribonucleic acid, deoxyribonucleic acid, 
and polysaccharide. The cells are restored to Gram-positiveness when 
treated with this extract, or with the extract from the sodium chloride 
treatment. What is particularly interesting is that the cells are rendered 
Gram-positive by treatment with magnesium ribonucleate. This 
implies that this substance is of great importance in determining the 
Gram character of the organism. The deoxy acid appears not to be 
important, but the polysaccharide is important. 

Magnesium ribonucleate occurs in all cells, Gram-negative as well 
as Gram-positive. The magnesium ribonucleate obtained from a 
Gram-negative bacterium (Escherichia coli) can be used to render Gram- 
positive the Gram-negative cells resulting from extraction of the 
Gram-positive Clostridium welchii, by sodium cholate. There are 
difficulties in accepting too simple a view of the matter. Thus, 
although the enzyme preparation ribonuclease destroys the Gram¬ 
positive nature of bacterial cells, it is not possible to “replate” these 
cells with any of the extracts so far obtained. Further, it has not yet 
been possible to “plate” Gram-positiveness on to a naturally Gram- 
negative cell, but only on to those rendered Gram-negative by 
extraction procedures. Further lysozyme, a carbohydrase present in 
tears, also renders Gram-positive cells Gram-negative, presumably by 
attack on the polysaccharide-nucleoprotein unions, and these cells 

cannot be rendered Gram-positive. 

Nevertheless it has been possible by short autolysis procedures to 
obtain a solution from Clostridium welchii cells which contains mag¬ 
nesium ribonucleoprotein. The cells remaining are Gram-negative, 
and “replating” can be carried out in two stages. The protein fraction 
of the extract may be plated first and used to fix the ribonucleate 
fraction in a second stage. It thus appears that a particular type or 
protein is present in at least one Gram-positive organism (Clostridiuni 
welchii ), and this protein when linked with ribonucleic acid and 
polysaccharide in a characteristic way is responsible for the Gram- 
positive character. 

Other substances have been suggested as being responsible for Gram- 
positiveness, namely fatty acids, waxy substances similar to lecithin, 
and recently, a phosphoric ester “X/P” (Mitchell and Moyle, 195 °)* 
An approach which may develop out of the purely chemical one is 
that based on cell permeability. An intact cell membrane certainly 
appears to be important both for Gram-positiveness and or aci 
fastness and a reasonable theory of the Gram stain can be developed 
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using this concept. According to Bartholemew and Mittwer, the 
following processes take place during the Gram staining procedure. 

During the primary staining operation the dye enters the cells of 
both Gram-positive and Gram-negative organisms, and the outer 
cortex of the cell may also be stained. An ionic bond is formed 
between the acidic groups of the proteins and polysaccharides of the 
cell and the basic part of the dye. During the iodine treatment the 
aqueous iodine enters both types of cells and forms a precipitate with 
the dye molecule. It may displace the dye from combination with the 
cell constituents; or it may form a complex with it in situ ; or both 
processes may take place side by side. Differentiation takes place 
during the alcohol or acetone decolorization stage which follows. 
The solvent is freely able to enter the Gram-negative cells, and dis¬ 
sociate and wash out the complex, so decolorizing the cells. The 
solvent enters the Gram-positive cells far less readily, any dissociated 
dye or iodine is also far less readily washed out, and thus most of the 
colour is left in the cell. The counterstain merely intensifies the 
differentiation by displacing the traces of dye left behind in Gram- 
negative cells which have not lost all their dye-iodine complex. 

According to this view the removal of certain components, especially 
ribonucleates, from the outer layers of the cells renders the membrane 
more permeable, and the cells now resemble those of Gram-negative 
bacteria. 

Animal cells usually show a Gram-negative character. From this 
point of view an antibiotic active against Gram-negative bacteria 
would be expected to be toxic. The substance which is outstandingly 
antibacterial and at the same time non-toxic is penicillin which is 
characteristically active against Gram-positive but not Gram-negative 
organisms. Some antibiotics are known whose activity is predomi¬ 
nantly against Gram-negative organisms—gliotoxin, patulin, and 
others—but they are too toxic to employ therapeutically. So far this 
difficulty has been resolved by the discovery of the “broad-spectrum” 
antibiotics—aureomycin, terramycin, and chloramphenicol—which 
have an activity against Gram-positive as well as Gram-negative 
organisms, and can inhibit the types not checked by penicillin. 
Streptomycin is active against Gram-negative organisms, and its 
toxicity was an early difficulty in its use. It may well be that an anti¬ 
biotic will never be discovered which will be as active against Gram- 
negative organisms as penicillin is against the Gram-positives, precisely 
because of the chemical make-up of animal cells. 
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CHAPTER XII 


MICRO-ORGANISMS IN THE LABORATORY 


The use of micro-organisms in the laboratory dates from Pasteur’s use 
of a PeniciIlium species to resolve DL-tartaric acid. Substances of most 
diverse types are easily prepared by microbiological action and no 
apology need be made, it is felt, for one chapter of this mainly 
theoretical book to be devoted to practical matters of technique. One 
essential in almost all cases is the use of pure cultures, i.e. organisms 
of a defined type. 

The isolation and cultivation of pure strains of micro-organisms is 
the task of a specialist but a few words about the principles involved 
will be given. Many sources are available for casual micro-organisms. 
A suspension of soil in water is probably the best for both moulds 
and bacteria but yeasts are more likely to be found in sugary materials 
such as fermenting honey, and the outer surface of some fruits such as 
dates and figs. Bacteria may also be sought in decaying protcinous 
materials and moulds in stale carbohydrate materials. A piece of 
bread kept for a few days in an atmosphere saturated with water 
vapour becomes the habitat of many different types of moulds, 
especially Mucor , Aspergillus , and Penicillium , although many bacterial 
and yeast colonies are also present on the surface. Dust particles usually 
carry both moulds and bacteria but moulds are not usually very 
plentiful in water samples nor are they usually found in fresh animal 
excreta. 

Since the likely sources of micro-organisms usually contain many 
different species these must be separated. Following Robert Koch s 
discovery that micro-organisms cannot readily mix if they develop on 
semi-solid media the first step in such a separation is almost always to 
obtain separate colonies on a nutrient jelly. The stiffening agent used 
is either 15-20 per cent gelatine or, far better, 1-5 per cent agar—a 
seaweed product. 

A solution frequently provided for bacteria contains 0-05 per cent 
of meat extract, i-o per cent of peptone (a protein hydrolysate), and 
0*05 per cent of sodium chloride. Moulds are often grown on a solu¬ 
tion containing 5*0 per cent of malt extract and either 3 per cent sucrose 
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or 5 per cent glucose. To prepare a nutrient jelly one of the above 
solutions is heated in a boiling water bath and 1*5 per cent of agar is 
added to it. Heating is continued until the agar has dissolved and the 
hot solution is distributed in (rimless) test tubes, 6 X § in. for bacteria 
and 7 X f in. for moulds. Bacterial culture tubes usually receive 5 c.c. 
and the mould tubes double this amount. Each tube is then plugged 
with cotton wool, a batch of thirty or so is placed in a wire basket, 
covered with grease-proof paper, and the whole is sterilized. This is 
accomplished by autoclaving for 30 min at 15 lb/in. 2 , or more safely 
by simple steaming for 30 min on each of three successive days. The 
latter method is convenient if no autoclave is readily available. It is 
known as “sterilization by intermittent steaming” and is the only safe 
method for solutions containing sugars or gelatine. 

After sterilization the basket of tubes is removed from the steamer 
and the jelly is allowed to set. It will be found that the tubes of 
bacterial medium contain 4-5 c.c. and those of the mould medium 
9-0 c.c., one-tenth being lost by evaporation. When the tubes are 
required, the contents are easily melted by heating in a boiling water 
bath. If they are then maintained at 40°-50°C they do not re-set. 
This only takes place on reaching room temperatures. 

The culture tubes whose preparation hasjust been described are known 
as deeps or stabs and are used when the contents are to be trans¬ 
ferred to a petri dish, and for some other specialized purposes. Approxi¬ 
mately one-third of a given batch of jelly is converted into such stabs. 
The rest is prepared in the form of “slopes.” In this case the tubes 
receive rather less than that used for preparing stabs. When the 
sterilized tubes are removed from the steamer, each tube is laid on a 
support on the bench in such a way that the medium sets exposing a 
slanting surface nearly touching the cotton-wool plug and barely 
covering the rounded end of the tube. 


To use such a jelly preparation some of the “stabs” are melted by 
immersion in a boiling water bath, and the contents of each stab is 
poured into the lower half of a 4 '5 cm petri dish which has previously 

dir m 311 ° Ven - The molten J cU y a thin layer in the 

dish The dish is now covered with the lid and the jelly is allowed to 

set !t can now be used for cultivating micro-organisms. 
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distinguished. If the cultures are allowed to grow at room temperature 
it may be two or three days before they are fully developed. 

A remarkable collection is frequently found on such a “catch plate.’* 
Quick-growing Mucors will overgrow everything else and are a 
nuisance. Other moulds usually give green or brownish colonies 
although black, red, and yellow colonies are frequently obtained. 
Colonies of Actinomycetes are usually dry, like mould colonies, but 
differ in being small, frequently chalky-white, and accompanied by a 
characteristic odour of moist earth. These colonies develop very 
slowly, frequently being mature only after a week or more. Bacterial 
colonies also develop rather slowly. Sometimes, however, “spreaders” 
give rather flat moist colonies of irregular shape covering the dish in a 
few days. These are mostly of a pale brownish tint. Typical bacterial 
colonies remain only a few millimeters across after twenty-four or 
forty-eight hours, and are moist and pasty. Sometimes they are bright 
yellow but more often they have neutral tints, or are white or water clear. 

Both moulds and bacteria frequently produce pigments which 
diffuse into the medium beneath and around the colony. A really 
successful “catch plate” may show a bright purple or crimson pigment 
derived from certain Pcnicilha, or a blue fluorescence derived from 
(usually) Pseudomonas fiuorescctis , a motile short rod, found in water 
samples. Colonies of moulds often show a distinctive colour beneath 
the culture. A green Penicillium may show a white, black, or red 
“reverse” according to the species. Observations of the type just 
described are of value in identification. 

The dishes should be stored in an inverted position, i.e. jelly upwards, 
and it is especially important not to reverse them at any stage until 
they are ready to be discarded. Every examination should be carried 
out with the dish held over one’s eyes and the lens or magnifying glass 
directed upwards. Any colonies of interest are preserved on slopes 
in the following way. A loop of Nichrome wire in a glass or metal 
handle is heated to redness in the flame, and the dish is picked up with 
the left hand in such a way that the inverted top is left on the bench 
and the bottom containing the jelly is held facing downwards above 
it. The red hot loop is allowed to cool and is brought just into contact 
with one of the colonies. A mere touch is quite sufficient to remove 
thousands of mould spores or bacteria. Still holding the loop and 
inoculum in the right hand, the left hand is freed by replacing the 
bottom of the dish in its lid. The left hand is now again employed to 
pick up one of the slopes, and with the little finger of the right han 
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the plug is removed. This is easily accomplished by wrapping the 
finger round the plug and giving a twist and pull. The top of the tube 
is now “flamed,” i.e. passed once through a large Bunsen flame, and 
the inoculum is placed on the slope. Custom has it that bacterial 
slopes are always made with a wriggling streak from bottom to top 
of the slope, whereas mould cultures are always made to develop from 
one spot only. The tube is again flamed and the plug is replaced. 

The procedure just described may appear a little involved but is 
actually very simple. It is best learnt from an expert and the tricks 
practised on non-sterile empty glassware. After a very short time the 
average chemist adapts himself extremely well to the new technique. 

Several such cultures are “picked off” and they, and the original 
plates, are again allowed to stand from two to three days. The cultures 
in the tubes are compared with those on the plate and only if they look 
exactly alike and are not contaminated is it considered possible to 
discard the dish. 

The appearance of cultures obtained in this way will usually indicate 
whether they are pure or not. Even if they look pure, however, it is 
frequently desirable to purify them at least once more. There are many 
ways of carrying out this purification but two of the simplest will be 
described here. 

The first method is particularly applicable to the purification of 
mould cultures. Six to ten stabs are melted and held at 40°-45°C. 
They are numbered serially and the same number of sterile petri 
dishes are similarly numbered. One of the cultures is touched with a 
sterile loop and this is immersed in the molten agar of tube No. 1. 
After agitation the loop is removed, the plug replaced and the tube 
returned to the bath. The loop is now similarly caused to agitate the 
contents of tube No. 2, and so on until all the tubes have been treated. 

The effect of the operation just completed is enormously to dilute 
the inoculum taken off the first plate. 

Each tube is now poured into its appropriate dish and after cooling 

these are stored. If the purification is successful plates numbered 1 and 

2 should be heavily overgrown, with colonies of the same mould as 

that in the original tube. Plates 3 to 6 should show decreasing numbers 

of colonies, 6 being almost bare, and if more than six dishes have been 

used the last two should be quite bare. If now a culture is taken from 

a dish containing only say three colonies it may.be assumed that they 

axe pure cultures. If necessary these cultures can then be re-purified in 
the same way. r 
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The second method of purifying cultures may be employed for 
moulds, bacteria or yeasts, and it can also be used for estimating how 
many micro-organisms are present in a sample of infected material. 
The process is known as a “dilution plating” and is carried out as 
follows. A known weight or volume of the material, usually i g or 
I c.c. is suspended in 5 or 10 c.c. of sterile water. As before, six to 
ten stabs are melted and held at 40°-45°C and they, and a corresponding 
number of dishes, are numbered serially. It will be recalled that each 
of these stabs contains 4-5 c.c. of jelly in the case of bacterial tubes and 
9-0 c.c. in the case of mould tubes. Therefore, if the original dilution 
in sterile water is added to one of these tubes at the rate of 0-5 c.c. for 
the bacterial tube and i*o c.c. for a mould tube, the dilution will be 
ten times. This addition is carried out using a sterile pipette and after 
addition the tube is thoroughly agitated by rotation in the hands. 
Tube No. 1 is chosen for this first dilution and after mixing com¬ 
pletely, 0-5 c.c. or 10 c.c. is removed and added to tube No. 2. 
Agitation is repeated and addition made to tube No. 3, and so on. 
Finally all tubes will contain a ten-fold dilution of the previous tube. 
Each is now poured into its appropriate dish and after incubating for 
a few days, the number of colonies on one of the sparsely populated 
dishes is counted. 

Let us assume that dish No. 4 contains 80 colonies, and that 1 g of 
flour was used as the contaminated material, the original suspension 
being in 5 c.c. of water. Suppose bacteria were being sought and 
0-5 c.c. additions were made to each tube. If tube 4 contained 80 
potential colonies, i.e. 80 viable bacteria, then tube 3 contained 800, 
tube 2 8,000, and tube 1 80,000. The tube in which the original dilu¬ 
tion was made must have contained 800,000 bacteria. This thus 
equals the number of bacteria, able to develop on the medium used, 
present in 1 g of flour. 

By using the method just described it is possible for typical colonies 
of bacteria, yeasts, and moulds to be observed. A knowledge of this 
procedure is essential if any serious work is to be carried out on micro¬ 
organisms. It is true that cultures may be purchased thus avoiding 
the task of carrying out the isolation. However, it must be remem¬ 
bered that the differences among strains, sub-species, and varieties 
within the same species is very considerable. The spaniel and the St. 
Bernard are strains within the same species of animal, and the differences 
within bacterial, yeast, and mould species are quite as great as those 
between dog and other species. Further, such differences within the 
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same individual species of micro-organisms are frequently shown 
more in the chemical field than in any other. It is thus always well 
worth while to obtain one’s own “wild” cultures as well as to purchase 
authentic cultures. 

Differences in the biochemical activities of bacteria have been used 
for many years as an aid to identification. Similar differences are not 
used in the case of moulds. There are two main reasons for this: 
one is that moulds are far larger than bacteria and can usually be 
identified without undue difficulty by the use of the microscope. The 
second reason is more subtle. There are some mould genera which 
are well separated into recognizable and distinct species. The genus 
Aspergillus with its characteristic species is a good example. But 
unfortunately there are some other genera notably Fusarium , which 
are extremely difficult to separate into well-marked species. It is found 
that when the moulds are grown on similar sugar solutions Aspergillus 
species give a variety of products whereas Fusarium species usually give 
alcohol. Still worse, when, as in Penicillium , a number of species are 
very similar in microscopic appearance they give similar metabolic 
products (Raistrick et al. t 1931). 

Fortunately these difficulties are not found to the same extent in 
bacteria. The chemical differences between these species can be made 
clear in several ways. One of the most widely used is to detect their 
ability or otherwise to ferment carbohydrates in a solution containing 
peptone, and a given sugar as main carbon source. Glucose, lactose, 
sucrose, maltose, raffinose, galactose, and other sugars are used, as well 
as sugar alcohols such as mannitol and glucosides. Fermentation is 
shown by the production of acid and the evolution of gas. A refine¬ 
ment of the method is to pass the gas into potassium hydroxide thus 
absorbing carbon dioxide. The undissolved gas is usually hydrogen 
and the ratio between the volumes of these gases is sometimes 
characteristic. A given bacterial species may be described quite 
distincdy by these and similar tests. Lactobacillus casei , found in sour 
milk, is thus described by Chalmers (1945): ‘‘Acid but no gas formed 
m dextrose and lactose, some varieties also ferment saccharose, salicin, 
and mulin. Milk curdles rapidly by production of lactic acid; the 
casern is not attacked to any great extent. No growth on gelatin 
stab. [Growth] on potato plug, absent. In litmus milk the litmus is 
reduced, a narrow pink band remaining at the top of the milk. 
Nmcty-eigk per cent °f the acid produced [in milk] is lactic 
acid. This biochemical information is a very useful addition to the 
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morphological description as: “A slender rod, o-8 fx X 2-o/z to 
4-o //, occurring singly and/or in chains,” a description which applies to 
many Lactobacilli. 

Another property possessed by some bacteria is an ability to 
hydrolyse proteins such as gelatine or casein, or carbohydrates such as 
starch and cellulose. This ability may be tested for in a variety of ways. 
Gelatin stabs may be inoculated and examined; an ability to grow 
on cellulose may be sought by making this the sole carbon source in a 
tap-water medium, and starch hydrolysis may be detected in a variety 
of ways of which probably the simplest is to add some soluble starch 
to portions of the culture filtrate and then add iodine solution. The 
blue colour is not produced if an amylase is present. 

Quite apart from the medium on which they will or will not grow 
bacteria may also be differentiated according to the specific products 
to which they give rise under controlled conditions. Bases such as 
ammonia and indole, and amino-acids such as tyrosine and tryptophan 
are sought in protein media, and certain substances such as acetoin, 
or lactic acid in carbohydrate media. An ability to reduce the nitrate 
ion to nitrite, and sulphate to sulphide is also diagnostic for some 
bacteria when the results are taken in conjunction with those of other 
tests. 

Finally the species may be distinguished in a few cases by the 
striking pigment produced. Examples are the blood-red colonies of 
Serratia marcescens , and the inky-blue pigment from Actinomyces 
coelicolor. Pigment production is striking in some moulds and may 
then assist identification, as in the delicate shade of Penicillium lilacittutti , 
and the brick-red of Aspergillus ruber. Some of these pigments 
have been isolated and have formed the subject matter of previous 
chapters. 

The blue pigment from Actinomyces coelicolor may be likened to a 
bacterial litmus solution. This solution may be obtained in the follow¬ 
ing way (Oxford, 1946). Slopes for cultivation of the bacterium, of 
the following composition in grammes per litre, are made up: sucrose, 
10; sodium nitrate, 2; dipotassium hydrogen phosphate, 1; potassium 
chloride, 0-5; magnesium sulphate heptahydrate, 0-5; ferrous sulphate 
heptahydrate, o-oi; agar, 20. The slopes are incubated at 24 C for 
one to three weeks after streaking with a litde of the white sporing 
growth of the master culture. The culture solution on which the 
cultures are to be grown contains ammonium acetate as the sole 
source of carbon and nitrogen. This substance cannot be satisfactorily 
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added in the pre-formed state so the following procedure is adopted, 
a procedure which is quite usual where reactive substances are added 
to a basal medium. The basal inorganic salt solution has the following 
composition (amounts in grammes per litre): dipotassium hydrogen 
phosphate, 4-8; sodium chloride, 1*2; magnesium sulphate hepta- 
hydrate, 0-08; ferrous sulphate heptahydrate, 0-005. This solution is 
distributed in 100 c.c. lots in half-litre conical flasks which are plugged 
and sterilized by autoclaving. The second solution is prepared by 
cautiously adding concentrated ammonia solution to a solution of 
glacial acetic acid (70 c.c.) in distilled water (200 c.c.) until the pH is 
7-0. This solution is sterilized by steaming and 10 c.c. quantities are 
added aseptically to the flasks containing the sterile basal medium. 

Inoculation of the sterile mixed solution is carried out as follows. 
The sporing growth obtained on one of the slopes is lightly rubbed up 
with a few cubic centimetres of sterile water. Using aseptic pre¬ 
cautions the contents of the slope are transferred to one or at most two 
of the flasks, which are incubated for at least one month at 24°C. The 
bacteria form a poor surface felt and the purple colour appears in the 
solution after two weeks. After one month the solution exactly 
resembles blue-black writing ink. The solution may be filtered through 
an ordinary folded filter paper and used for the preparation of “litmus 
papers*’ by absorption on blotting paper and drying off. 

The quantity of pigment present is very small but it may be isolated 
as follows. The solution is acidified with one-tenth of its volume of 
twice-normal hydrochloric acid and the resultant blue precipitate is 
allowed to setde overnight. The clear supernatant liquid is discarded 
and the pigment, collected by centrifuging, is washed twice with water 
on the centrifuge. It is then dried over potassium hydroxide and 
sulphuric acid in a desiccator. 

The crude product so obtained is now finely powdered and extracted 
repeatedly with 100 parts of glacial acetic acid. The red solution 
contains the pigment which is obtained on dilution with much water. 
Further purification is obtained by extraction of the pardy purified 
material with cold acetone. On evaporation at room temperature the 
purified material is obtained as a blue amorphous powder. It is a 
remarkable pigment and if the yield (at present only 5 mg per litre of 

culture filtrate) could be improved, or if quantities could be obtained 
it would well repay further investigation. 

The description just given was introduced because it illustrated 
several techniques used in microbiological chemistry. The application 
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of similar techniques will now be given, but applied to three typical 
mould acids, namely, oxalic, gluconic, and citric acids. The same 
strain of mould, Aspergillus niger , may be used for each acid, growth 
conditions being selected to give any acid at will. The presentation 
is based on that of Bemhauer. 

First as to the source of the mould, since this species is so common 
it is probably best sought as an aerial contaminant. One method of 
doing this will illustrate the use of selective conditions. Citric-acid- 
producing strains of Aspergillus niger show two characteristics which 
are useful in this connection. They have an optimum growdi tem¬ 
perature which is well over 30°C, and they are readily cultivated in 
sugar media at a pH below 3-0. 

The culture solution on which citric acid is best produced contains 
cane sugar, 15 per cent; ammonium nitrate 0*2 per cent; potassium 
dihydrogen phosphate o-i per cent; and magnesium sulphate hepta- 
hydrate 0 025 per cent. This will therefore also be the composition 
of the solid medium except for the addition of 2 per cent agar. Just 
before pouring, enough sterile normal hydrochloric acid is added to 
bring the pH to 2*4-2*6. The petri dishes are now poured and exposed 
for varying periods in a warm place. The bacteriological incubator, 
or close to a radiator, are good spots. Aerial contaminants will enter 
the plate on dust particles. If there is any reason to suppose that the 
air is clean a little opening and shutting of books, cupboards and the 
like in the vicinity will soon rectify this. Up to a dozen dishes should 
be exposed for times varying from five to twenty minutes depending 
upon the site of exposure and the dustiness of the atmosphere. 

The dishes are now incubated at 35°C and examined daily. The 
aim is to find black colonies which are developing vigorously. When 
two or three such colonies have been found they should be purified 
by dilution plating and afterwards identified as Aspergillus niger. A 
firm diagnosis is the work of an experienced microbiologist but a close 
enough estimate of the species is obtainable if one looks for a black 
colony with a creamy or white reverse, showing under the microscope 
a remarkably woolly “gollywog” type of Aspergillus head. Using a 
one-twelfth lens the spores should be examined and the black pigment 

observed as tiny warts on the spore surface. 

Several separate cultures should be prepared from different petri 
dishes and given some distinguishing number. Any other mould or 
bacterial colonies which appear on the dishes may be similarly preserved 
if desired, and cultured. Most of the products described in the previous 
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chapters of this book have been, or could be obtained from micro¬ 
organisms isolated either from “catch plates” as above, or from soil 
suspensions used to inoculate catch plates. 

A quantity of the culture medium described above is now prepared 
and either 200-c.c. lots in 500-c.c. flasks or 350-c.c. lots in i-l flasks 
are now put up, plugged, and sterilized by steaming. A quantity of 
twice-normal hydrochloric acid is also sterilized. Just before inocu¬ 
lating the flasks sufficient sterile acid is added (about 1*0 c.c. per 300 c.c.) 
to bring the pH to 2*4-2-6. 

To prepare the inoculum for the flasks a slope which is well covered 
with spores is rubbed up with a quantity of distilled water which is 
nearly enough to fill the tube. Usually three or four flasks may be 
inoculated from one slope. After inoculation the flasks are grown at 
3 2 °“ 35 °- The growth should be observed daily and if it appears to be 
vigorous after eight days one flask may be carefully removed for 
examination. The flask is moved carefully, to avoid disturbing the 
felt, and using a sterile pipette 2 c.c. are removed and titrated with 
one-tenth normal sodium hydroxide. If more than 30 c.c. of acid are 
required the strain is a good one and at least 200 mg of citric add were 
present in the 2 c.c. sample. If the quantity is low a further sample 
should be taken for an estimate of the residual sugar. If this is still high 
it may be that the strain is a slow grower and the flasks should be left 
on for a few more days. However, as a doctor might put it, the 
prognosis is bad in this case and other strains should be used. 

Assuming growth and acid content are satisfactory the flasks may be 
worked up after about eight days growth in the following way. The 
solution is strained from the mycelium and brought to the boiling 
point. Ten per cent calrium chloride is now added. The culture 
solution and conditions are chosen to prevent oxalic add production, 
but if any is present it will now be predpitated as caldum oxalate! 
If oxalate is present the hot solution is kept for three to four hours 
before filtering The filtrate contains caldum dtrate. Ammonia is 
added to it and the solution is evaporated by boiling to about one- 
third its volume. A smell of ammonia should persist. The caldum 
citrate crystallizes from the hot solution. It is filtered off and washed 
with hot water and finally 60 per cent ethanol before drying at 130 0 - 

U AA- f0r , estl 7 at J on - Free dtr ic add may be obtained from this by 
adding the calculated amount of sulphuric add. 

The filtrate from the caldum dtrate can be worked up for gluconic 
aad, just as the calaum oxalate predpitate could for oxalic. However, 
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it is more instructive to modify the culture conditions and work for 
each acid in turn. 

In order to obtain oxalic acid the same nutrient solution is used 
except that ammonium sulphate (o-2 per cent) replaces ammonium 
nitrate and growth is allowed to take place for four days before the 
metabolic processes are switched to oxalic acid production. At the 
four-day period the culture solution is augmented by io g of sodium 
hydrogen carbonate and 5 g of sodium acetate per 100 c.c. of culture 
solution. This will have considerably raised the pH and the solution 
is left for a further eight to ten days. 

At the end of this time the solution is neutralized with acetic acid, 
heated, and filtered. The filter is washed, and the solution and washings 
made up to 250 c.c. for each 100 c.c. of original culture solution. It is 
advisable to determine the residual sugar at this stage. It should be 
very low: if not the experiment is a failure and another strain of mould 
should be used. Calcium oxalate is precipitated from the neutral 
solution, collected, washed, and titrated with permanganate, to 
estimate the amount of oxalic acid present. Alternatively the oxalic 
acid may be obtained directly from the metabolism solution by 
precipitating it with lead acetate. The precipitate is collected, washed, 
suspended in water, and treated with hydrogen sulphide. After 
filtration, the aqueous solution is evaporated to yield free oxalic acid. 

Gluconic acid may be produced using the above culture conditions 
and adding chalk instead of the sodium hydrogen carbonate and 
acetate but the yield is not very good, and it is better to use a new 
solution. This contains glucose (10 per cent) instead of sucrose, and 
o*i per cent ammonium sulphate. Otherwise it is the same as that 
used for oxalic acid production. The solution is distributed in flasks 
so that a very high area-to-depth ratio is maintained, say 75 c.c. in a 
500-c.c. flask. Growth is allowed to take place for three days and then 
sterile chalk is added in such a way as not to disturb the pad of 
mycelium. A glass funnel with a long stem is convenient for this 
purpose. About 2 g of chalk are used for each 75 c.c. of solution. 
Growth is now allowed to continue for a further four to five days. 
The solution is heated, filtered, and die filtrate and washings made up 
to 200 c.c. The filtrate should be low in glucose but high in calcium. 

Calcium gluconate is now obtained by evaporating the solution to 
low bulk, and adding hot alcohol until the clear, hot solution deposits 
crystals on cooling. Crystallization is complete in forty-eight hours 
and the cold solution is filtered, the crystals washed with dilute alcohol. 
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and finally absolute alcohol. The salt is dried at 8o°C and stored as 
such, since gluconic acid (lactone) is a syrup. 

The three acids just described are well known to the organic chemist. 
The production of a less-familiar acid, kojic acid (see Chap. IX) will 
now be given as an example of a substance with a remarkably intense 
ferric chloride colour reaction. The mould used is Aspergillus oryzae 
or one of this group. They show up on catch plates as rather brownish 
or yellow-brown Aspergillus types. They can be purchased or they can 
be sought. The easiest way to detect one of the group is first to take 
off one or two slopes (the test destroys the culture!) and then to flood 
the petri dish with ferric chloride. An intense crimson colour develops 
around colonies from which kojic acid has been produced. 

The culture solution (Bernhauer) contains: glucose, 15-20 per cent; 

ammonium nitrate, 0*1125 pet cent; phosphoric acid, 0*0054 per 

cent; potassium chloride, o*oi per cent; magnesium sulphate hepta- 

hydrate, 0*05 per cent; and slopes are prepared by adding 2 per cent 

agar as before. Slopes are prepared and incubated at 30° and used to 

inoculate flasks as with the citric add experiment. After eight days’ 

growth, when a good mycelial felt should be present, the kojic add 

formed is estimated by taking an aliquot, neutralizing, and adding 

one-tenth-normal copper acetate solution. The predpitate is dried at 

ioo°C and has the composition Cu(C 6 H 5 O a ) 2 . JH 2 0 . As much as 40 

per cent of the glucose supplied may be obtained as kojic acid. To 

isolate the add it is best to evaporate the solution in vacuo to a low 

volume and continuously ether-extract it using a Soxhlet type of 

apparatus adapted for extraction of liquids. It may be recrystallized 

from ether, or ethanol—ether mixtures to a constant melting point of 

152 . Both the metabolism solution, and the free acid give a most 

intense blood-red coloration with aqueous ferric chloride. The 

limiting dilution of the add for observance of the colour is about 
200,000. 

Some of the other adds mentioned in earlier chapters of this book 
were- originally noticed by their ferric chloride colours. Screening 
moulds in this way is quite a simple matter. Cultures are “picked” off 
from catch plates or soil-inoculated plates and grown on test tubes 
containing Czapek-Dox or Raulin Thom solutions. Every week a 
tube is taken and aqueous ferric chloride is added. Some of the 
colours and substances and organisms responsible are given in Table IV 

Mannitol, the commonest of the hexahydric alcohols is derived from 
glucose by simple reduction. Despite the fact that moulds are 



292 THE CHEMISTRY OF MICRO-ORGANISMS 

Table iv 

Ferric Chloride Colour Reactions and Substances Responsible 

Single drops of i per cent or io per cent aqueous ferric chloride 
added to io-c.c. samples of culture filtrate 


Colour 

Substance responsible 

Organism 

1. Blood-red 

Kojic acid 

Aspergillus Jlavus or oryzae or 
tainarii 

2. Greenish black at first; then 
dark-brown amorphous 
precipitate 

Citromycetin 

Petiicillium glabrum 

Penicillium Pfefferiamium 

3. Heavy buff precipitate at 
first, dissolving to iodine- 
solution 

Citrinin 

Penicillimn citrinum 

Penicillium implication, etc. 

4. Transient green at first; 
finally permanent green 

Unknown 

Certain strains of Penicillimn 
italicum 

5. Deep brown (purple layer if 
culture is shaken with 
chloroform) 

Spinulosin 

Penicillium spinulosum 

6 . Deep-blue 

Methylsalicylic acid; 
gcntisic acid 

Penicillium griseo-fuhum 

7. Violet or shades of crimson 
or both 

Mycophenolic acid; 
the C 10 acids 

Penicillium brevi-compactum 

8. Orange or red 

Acids of the carolic 
acid type 

Penicillium Charlesii; Peni¬ 
cillium terrestre; Penicillium 
cinerascens 

9. Blue “flash” 

Gcntisyl alcohol 

Penicillium palulum 

10. Deep-green 

Fulvic acid 

Penicillium Brefeldianum 


normally oxidative organisms it is readily obtained using cultures of 
Aspergillus. The white Aspergilli of the A. candidus group produce 
mannitol in large amounts, as do Aspergillus tiidulans (a green mould) 
and Aspergillus elegans. The essential condition for mannitol production 
is restricted aeration, and given a good strain of mould the yield of 
mannitol may be experimentally linked with the quantity of aeration 
allowed. Czapek-Dox solution based on glucose should be used and 
the cultures grown at 23°. Using i-l flasks the following series may be 
tried. One flask should contain 350 c.c. of solution and be loosely 
plugged; a similar volume should be placed in a flask of which the 
top is closed by a rubber bung containing a short length of glass tubing 
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plugged with cotton wool to act as a "‘bleed” tube; a third flask should 
contain 800 c.c. of solution and a heavy inoculum, and be closed with 
a tight-fitting plug; and finally two flasks should each carry a rubber 
bung fitted with two tubes as shown in the sketch, and plugged with 
cotton wool. One of these flasks should have 50 c.c. of air aspirated in 
per day and the other 1,000 c.c. After growth has continued in all 
flasks for about forty days they can be worked up. 


Cotton-wool 



Cultivation of Moulds under Conditions ofTRestricted Aeration 

The bung and tubes are sterilized separately and inserted ascptically 

after sowing the flask. 


Mannitol is obtained by evaporating the solution to low bulk in 

vacuo and adding to the hot solution three to five volumes of hot 

ethanol. Mannitol should crystallize in long needles. It may be 

rccrystalhzed from aqueous ethanol, forming long colourless needles 

melting at i6 3 0 -i6 4 °. The yield will be least in the well-aerated 
flasks (cf. Birkinshaw et al, 1931). 

The products so far obtained have been derived from the culture 
solution Many other substances, especially die mould pigments are 
obtained from the mycelium. One method of detecting these products 
is to take a htde of the colony from the petri dish (after preparing 
slopes for preservation) and dry it in a vacuum desiccator. It may 
then be dropped into a little concentrated sulphuric acid contained in 
a test tube. If any appreciable amount of pigment is present a fine 
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coloration develops in a short time. The colour, and its intensity and 
permanence will depend on the nature of the pigment. Dilute sodium 
hydroxide or carbonate will also give a good coloration in some cases 
when a little of the still-wet mycelium is treated with the reagent. 
As an example, strains of Penicillium cyclopium rich in emodic acid give 
a crimson colour under these conditions. The general culture con¬ 
ditions are the same as with the products so far described. The 
mycelium is collected by straining the culture solution through butter 
muslin. This is then squeezed and washed well with water and pressed 
thoroughly. It is then dried in a vacuum oven or desiccator and 
reduced to a powder in a suitable small grinding mill. The mycelium 
is now thoroughly de-fatted with light petroleum in a Soxhlet and, 
after removal of the petroleum, with ether or chloroform according 
to the pigment. The colour of the extract is the best guide to the 
concentration of pigment. However, it is advisable to change the 
solvent in the Soxhlet flask at frequent intervals for two reasons. In 
some cases the thimble of ground mycelium acts like a chromato¬ 
graphic column and the pigments are extracted successively: in other 
cases the pigments are labile and will be degraded if over-heated. 
For the same reason it is never advisable to evaporate Soxhlet flasks to 
dryness on a boiling water bath. This caution applies to all mould 
metabolic products with only a few exceptions. Evaporation should 
be concluded either by evaporation in vacuo or by pouring into open 
dishes to facilitate crystallization. 

The above account is only a guide to a typical procedure. The 
literature includes cases of wet mycelium being extracted, of the 
petroleum extract containing a pigment as well as fats, as well as cases 
of pigment being present in the culture solution but not in the 
mycelium. 

The yeast alcoholic fermentation formed an important part of 
Chap. IV. Some details on laboratory experiments will now be given. 
First as to the yeast culture: this is best bought at a baker s shop and 
purified by the following procedure due to Bemhauer. Ten grammes 
of bakers’ yeast are suspended in 20 c.c. of sterile tap water and 20 c.c. 
of undiluted beer wort (obtained from a brewery). In the absence of 
beer wort this may be replaced by solution containing 10 per cent 
malt extract and 10 per cent of glucose. In order to check infection 
normal sulphuric acid is added at the rate of 1 c.c. for each 50 c.c. of 
nutrient solution. The solution is allowed to ferment at 30° for one 
hour during which time a certain amount of infection, dead cells. 
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debris, etc., settles out. The cream is poured off and filtered or centri¬ 
fuged. It is now in a suitably active form for use. 

A nutrient solution of the following composition is prepared: 
glucose, 125 g, ammonium sulphate, 1 g; disodium hydrogen phos¬ 
phate, 0-5 g; magnesium sulphate heptahydrate, 0-125 gi water 
500 c.c. One-half of this solution is placed in a 750-c.c. conical flask 
and it is brought to 30°-35°C. Five grammes of the prepared yeast 
are now added and fermentation is allowed to proceed at 25°-30° for 
a few days. At the end of this time the ethanol produced may be 
distilled off and purified. In order to modify the fermentation the 
following procedure may be adopted. 

The other half of the nutrient solution is similarly inoculated with 
5 g of the prepared yeast and held at 30°-35°C for i-ii hr. At the end 
of this time a solution of 25 g of sodium sulphite heptahydrate in 
125 c.c. of water is added gradually with constant shaking. This 
almost stops die fermentation but it is resumed in about 12 hr and the 
solution is left for 5 to 6 days. It is now cooled in ice and a solution of 
2 5 g of calcium chloride in water is added. The calcium carbonate 
formed is filtered off. By this procedure die free alkali present is 
removed, and acetaldehyde is set free. Five grammes of chalk are now 
added, and the first fractions obtained on distillation are retained for 
acetaldehyde and ethanol estimation. 

The residual solution contains glycerol and smaller amounts of 
trimethylene glycol, 1 : 3-propane diol, propylene glycol, and 1 : 2- 
propane diol derived from glycerol by reduction. These may be 
obtained by distillation in superheated steam, or alternatively by 
evaporation in vacuo to low bulk, solution in ethanol and addition of 
ether, when the polyhydric alcohols form a lower layer. Further 
purification is accomplished by fractional distillation or the formation 
of crystalline derivatives. The yield in a typical experiment is 2-5 g 

of acetaldehyde, and 10 g of glycerol. The yield of ethanol in the 
first experiment is of the order of 10 g. 

Bacteria can be used for organic preparations. Lactic acid is easily 
prepared by the following method due to Plimmer. A solution of 
25 g of sucrose in 250 c.c. of water is made up and 10 g of calcium or 
zinc carbonate is added. A sample of sour milk rich in lactic bacteria 
(or a purchased culture of Lactobacillus or a commercially obtained 
sample of yoghort inoculum) is now added, the sample being ia-20 c.c. 
The flask is well shaken and kept at 3 6°- 3 8° for seven days. The lactic 
acid formed is converted into the calcium or zinc salt. At the end of 
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the incubation period the solution is boiled to kill the bacteria, filtered, 
and evaporated on the water bath. The salt crystallizes and is re- 
crystallized from water. If the free acid is required it may be obtained 
by treating the salt with sulphuric acid, filtering, and extracting with 
ether. Sometimes this fermentation process goes too far and butyric 
acid is formed. This too may be isolated if desired, by salting-out and 
ether-extraction. 

Since antibiotics have been mentioned many times in previous 
chapters an outline of some of the methods used for their detection 
and estimation will now be given. 

The Method of Serial Dilution 

Dilutions of the culture filtrate are made in a similar manner to 
those described earlier in this chapter. Suitable dilutions are i, io, 
ioo, 1,000, io,ooo, etc., or a series i, 4, 16, 64, 256, 1,024, etc., depend¬ 
ing upon the expected strength of the antibiotic solution. The diluted 
solutions are inoculated with Staphylococcus aureus and incubated for 
24 hr at 37 0 . Growth of the bacteria is shown by a uniform strong 
turbidity, where there is no inhibition, and a hardly detectable 
turbidity when inhibition is only partial. Complete inhibition is 
shown by completely clear tubes. 

This is a very widely used method. 

Cup and Plate Method 

In this method agar is poured to a depth of 3 to 5 mm in a petri dish. 
After allowing the agar to set, the surface is flooded with a 24-hr 
culture of Staphylococcus aureus , and the excess of culture is drained 
off. The plates are dried at 37 0 in an incubator. Small cylindrical glass 
or porcelain hollow cylinders are heated to sterilize them and dropped 
on to the agar surface. The culture solution is diluted as in the serial 
dilution method, and two or three drops of each dilution are placed 
in each of the cups. The petri dishes are covered with their lids and 
the dishes are incubated at 37 0 for 12 to 16 hr. They are incubated with 

the lids uppermost, not as is usual, bottoms up. 

During the incubation period the antibiotic diffuses into the agar 
and a clear zone forms around the cup. The width of the zone is 
directly proportional to the quantity of antibiotic present in the test 
solution. The diameter of the zone is measured, and an attempt is made 
to arrange that the diameter of the zone (assay value) is less than 2-5 cm. 
The following points about this method are worth noting. 
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The diameter of the zone is little affected by the quantity of solution 
in the cup, as long as this is more than half full. 

The pH of the culture fluid is unimportant so long as it lies between 
5*0 and 8-5. 

No inhibition of growth is produced by aqueous ether solutions or 
solutions containing droplets of chloroform. 

Penicillin diffusion from the cups is very rapid. Equilibrium is 
reached in two to three hours, and certainly far more rapidly than the 
bacteria can grow. 

The most important sources of error are due to uneven sowing of 
the bacteria when the dish is first poured. If whole blood instead of 

serum or plasma is used as test liquid, the red cells settle out and clog 
the bottom of the cup. 

One important merit of the cup and plate method is that only 
0-25 ml of sample is required for each cup. At the edge of the clear 
zone where the bacteria are just beginning to be able to grow there 

are frequently quite odd-looking growths, which are well worth 
microscopic examination. 


A simple modification of the cup and plate method is to replace the 
cup by small pieces of filter paper soaked in the test solution. 

Another modification is to use Bacillus suhtilis spores instead of 
Staphylococcus aureus vegetative forms as test organisms (Foster and 
Woodruff, 1944). A strain ofB. subtilis is grown in submerged culture 
m flasks in a shaker until maximum sporuladon is obtained. This takes 
seven to fourteen days. The culture solution is now pasteurized to kill 
vegetative forms and the spore suspension is “titrated” to establish 
what size of inoculum will give the best growth under the conditions 
ot die assay. This usually amounts to o-1 to 04 c.c. This volume is 
used as the standard inoculum and the spore suspension is stored in 
the refrigerator until it is all used up, or if the use is only occasional, 
indefinitely. The melted nutrient agar is inoculated while still molten 
(a protection against chance infections) and poured into the dish while 

f h0t - Incub ^°n is at 3 o°C which is an advantage as sensitive 
substances (penicillin) are less liable to be inactivated at this lower 
temperature. There is always some lag in the growth of the spores, 

n ° J d £ adVantage “ K enSUr “ that there is am P le time for the 
antibiotic to diffuse out of the cups. 

met r hod , has been ^ployed, in which the degree of 


20 —(T.5X0) 
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For blood fluids a slide cell technique has been developed. Micro¬ 
scope slides are divided into cells by strips of waxed paper and the 
examination is made microscopically ( Lancet , 1943, ii, 434; Attter. J. 
din. Path., 1945). A tissue culture method has also been described 
(Amer.J. med. Sci., 1944, 207, 477). 

The “screening” tests commonly applied in order to place a new 
antibiotic with respect to susceptible and non-susceptible organisms, 
are either to carry out a series of dilution tests which is rather tedious, 
or else to take Staphylococcus aureus as the typical Gram-positive and 
Escherichia coli as the typical Gram-negative organism. A much 
quicker procedure is the “gutter” method. Here a petri dish is poured 
with nutrient agar, and the agar allowed to set. A trench is then cut 
along one side of the agar and the strip of agar lifted out. This leaves 
a gutter about two inches long and a quarter of an inch across. Twenty- 
four-hour cultures of, say, six organisms are arranged to be ready at 
the same time and using the inoculating needle, a streak of each culture 
is run up to the gutter. The dish is now incubated with the lid upper¬ 
most for twenty-four or forty-eight hours at 37°C. Organisms which 
grow as a definite streak right up to the gutter are clearly non- 
susccptible since they have not been affected by the antibiotic which 
has diffused from the gutter. Conversely the relative shortness of the 
streaks of susceptible organisms is a measure of the potency of the 
antibiotic against each. Using three or four such plates a wide range 
of organisms can be tested. A11 alternative to the gutter is to cut a 
i-cm hole in the centre of the agar and then to streak radially from 
the circumference. 

In certain cases it is possible to grow the mould or other organism 
producing the antibiotic on the same agar as that on which the bacteria 
will flourish. In such a case the mould can be grown as a single circular 
colony and, as before, the bacteria can be “streaked” up to it. 

It is sometimes convenient to test a number of separate culture 
solutions against one bacterial species. This can often be done by a 
slight modification of the cup and plate method. It consists of cutting 
small discs from the agar and placing two drops of each culture 
solution in the small hole so obtained. 
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CHAPTER XIII 


MICRO-ORGANISMS IN A CHANGING WORLD 


The study of the biochemistry of micro-organisms, which has received 
such great attention since the development of antibiotics, is already 
leading to far-reaching results in other fields. The effect on pure 
chemistry is to open up entirely new chapters. One may refer in this 
connection to penicillin with its unique fusion of a thiazolidine and a 
/ 5 -lactam ring; to streptomycin with its completely unlikely-seeming 
structure; to the carolic acid series with two fused heterocyclic rings, 
one five- and one seven-membered; and to vitamin B 12 with cobalt 
as an integral part of the molecule. 

However, perhaps the most striking example of all is the discovery 
within the last ten years of a completely new seven-membered 
aromatic ring system—the tropolones—whose existence was quite 
unsuspected until M. J. S. Dewar put forward such a ring structure in 
1945 to explain the properties of a mould product, stipitatic acid. 
Neither this acid, nor the tropolones have so far been mentioned in 
this book and a brief reference to them will now be made. 

Stipitatic acid, C 8 H 6 0 5 (Birkinshaw et al ., 1942) is a metabolic 
product of Penicillium stipitatum Thom, growing on Czapek-Dox 
medium. It is obtained from the culture solution by evaporation, 
chilling, collection after two to three days of the deposited magnesium 
salt, decomposition of this salt with hydrochloric acid, and finally 
recrystallization from water. The pure acid is of a pale-creamy colour, 
decomposing at 302°-304°. It can be sublimed in a high vacuum and 
is in general a stable substance. It is optically inactive, and gives a 
deep-red colour with ferric chloride. The chemical reactions of 
stipitatic acid were confusing until the tropolone concept clarified the 

situation. They may be summarized as follows. 

Stipitatic acid titrates as a dibasic acid, and dissolves in sodium 
carbonate solution evolving carbon dioxide and forming a yellow 
sodium salt. It is also soluble in concentrated hydrochloric or nitric 
acid and is recovered unchanged on dilution of the solution wit 
water. Stipitatic acid contains no methoxy or carbon-methyl groups, 
and shows none of the reactions of a carbonyl group. 
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The following results were obtained in methylation experiments. 
With ethereal diazomethane two isomeric trimethyl derivatives were 
formed, one forming long, needles melting at i89°-i90° and the other, 
small, yellow needles melting at 126°-I28°. Both were insoluble in 
alkali and neither gave a ferric chloride colour reaction. Esterification 
of stipitadc acid with 3 per cent hydrogen chloride in methanol, or 
treatment of the disodium salt with methyl iodide gave a dimethyl 
derivative. This formed pale-yellowish needles melting at i63°-i 65°. 
It was soluble in sodium hydroxide but not sodium hydrogen carbonate 
solution, and gave a reddish-brown colour with alcoholic ferric 
chloride. Finally, a monomethyl derivative was obtained on methy¬ 
lating stipitatic acid with methyl sulphate and boiling the aqueous 
solution. This derivative formed cream-coloured needles and melted 
at 273 °. This was a dibasic acid like the parent substance and like 
it gave a red ferric chloride colour. 

Similar isomerism was shown in the acetates. Stipitatic acid 
appeared to form a loose complex with bromine in water, was un¬ 
affected by bromine in glacial acetic acid, but formed a monobromo 
derivative (a dibasic acid) with bromine in aqueous acetic acid. 

Finally, and most strikingly, on potash-fusion stipitatic acid gave 
a very good yield of the isomeric 5-hydroxy/sophthalic acid— 

COOH 

KOH 

Stipitadc acid, CgHgOj*-» 

fusion 

S-hydroxyisophthalic acid, C,H,O t 

On the basis of these facts it was possible to state that stipitatic acid 
contained one carboxyl group and two hydroxyl groups. These were 
phenolic in nature, one more so than the other. The fifth oxygen atom 
was probably present in a masked ketonic grouping, for catalytic 
reduction of stipitatic acid gave a tetrahydro-derivative which in its 
turn formed a 2 : 4 ~diftitrophenylliydrazone. 

The matter rested here for a further three years when all the above 
tacts were reconciled by the structure put forward by M. J. S. 
Dewar (1945a) and since confirmed by synthesis (Bartels-Keith et al 
1951). Dewar’s formula implied that stipitatic acid was a derivative 
of a new ring system, which he designated tropolone. It was later 
shown that the hydroxyl group is not essential for the tropolone 




302 


THE CHEMISTRY OF MICRO-ORGANISMS 

system, and in fact tropone, the non-hydroxylated substance shown 
below is probably the parent substance of the series (Buchanan, 1952)— 



Stipitatic Acid 



O OH HO O 

Tropolone 



Tropone 


It will be noted that the carbonyl and hydroxyl groups of the 
tautomeric structures for stipitatic acid are linked together by a chain 
of conjugated double bonds. The whole system is thus analogous to 
that foimd in the carboxyl group. This accounts for the dibasic nature 
of the acid. The ring system is too mobile for the two isomers to be 
isolated in the free acid but the isomeric trimethyl derivatives corres¬ 
pond to these isomers. In the dimethyl derivative the carboxyl group 
and the hydroxyl group adjacent to the carbonyl group are methylated, 
the phenolic hydroxyl group being left unmethylated. Finally the 
monomethyl derivative is a simple methyl ether. These structures may 
be put as follows (Dewar, 1945 *)— 



The Two Trimethyl Derivatives of Stipitatic Acid 
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Stipitatic Acid Dimethyl Stipitatic Acid Monomethyl 

Derivative Derivative 


The formation of the isomeric hydroxyisophthalic acid on potash- 
fusion follows a benzilic acid type of rearrangement. It will be recalled 
that the change benzil benzilic acid follows the sequence— 


c 6 H 5 

c 6 h 5 

C 6 H 5 

c«h 5 

\ 

/ 

KOH \ 

/ 

c- 

-c 

- > 

c 

X 

\ 

/ 

\ 

0 

0 

HOOC 

OH 


bcnzil benzilic add 


In a similar way stipitatic acid may be written as an a-diketone and 
the isomerization assumed to take the following course— 

HO ^ COOH HO COOH HO OQQH 



stipitatic add (keto form) intermediate benzilic type add 5-hydroxyisophthaIic add 

The original workers on stipitatic acid had pointed out its similarity 
to two other mould acids, namely puberulic acid, C 8 H 6 O e , and 
puberulonic acid, C 8 H 4 0 7 (Birkinshaw and Raistrick, 1932), obtained 
earlier from Penicillium puherulum Bainier, Penicillium aurantio-virens 
Biourge, Penicillium Johannioli Zaleski, and species in the Penicillium 
cyclopium-viridicatum series (Oxford et al y 1942). These mo adds are 
obtained through the nickel salts followed by aridification and ether- 
extraction. They are separated by fractionation of the acetates and 
regeneration of die adds. Puberulic acid forms a cream-coloured 
powder, sublimable in a high vacuum and then having a melting 
pomt of 316° (with decomposition). It is almost insoluble in water, 
not readily recrystallized ffom solvents, gives a deep reddish-browii 
ferric chloride colour, and it titrates as a dibasic acid. 

Puberulonic add forms shining yellow platelets from water, and 
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has a melting point of 296° with decomposition. On hydrolysis with 
hot dilute sulphuric acid it gives a quantitative yield of puberulic acid 
and carbon dioxide (Corbett et al ., 1950)— 

C 8 H 4 0 7 + H 2 0 -> C0 2 + CgH^Og 

puberulonic acid puberulic acid 

Neither acid is optically active. They have some antibacterial activity 
against Gram-positive bacteria (Oxford et al ., 1942). 

The similarities between stipitatic acid and puberulic acid led to the 
assumption by Dewar (1945a) that the latter is a hydroxystipitatic acid. 
This was supported by several lines of evidence for details of which the 
original papers (Cook and Loudon, 1951) must be consulted. Satis¬ 
factory structures for both these acids have been proposed as follows— 




Puberulic Acid Puberulonic Acid 

(Corbett et al., 1950) (Aulin-Erdtman, 1950) 

Once the tropolone system had been discovered it was found that 
several other natural products possessed this structure also. In so far as 
these are not micro-biological products they will be mentioned only 
very briefly. Colchicine, C22H2506N, is an alkaloid found in the 
autumn crocus, Colchicum autumtiale Linn. Chemically it is an acid 
amide and Dewar (1945&) suggested that ring C is a tropolone ring. 
This has since been confirmed, and colchicine is assigned the following 
structure (King et al ., 1952)— 



Purpurogallin, C n H 8 0 5 , is an oxidation product of pyrogallol. It 
was first isolated as long ago as 1869 by Girard, its molecular formula 
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being established by Perkin and Steven in 1903. Willstatter and Heiss’s 
proposed structure shown below, dates from 1923, and Barltrop and 
Nicholson’s structure, now established by synthesis (Caunt et al ., 
1950) from 1948. The old and new structures may be compared— 


OH 



HO O HO O OH 


Purpurogallin: Old and New Formulae 

Finally some new products were isolated from western red cedar and 
later from Swedish grown Thuja plicata D. Don. Three of these were 
isomeric substances named a-, / 9 -, and y-thujaplicin (Erdtman and 
Gripenberg, 1948), the prefixes designating the increasing order of 
melting points. The thujaplians are the a-, /S-, and y-fiopropyl- 
tropolones— 



O OH O OH 

a-THUJAPLICIN 0 -ThUJAPUCIN y-THUJAPUCIN 

These structures have been confirmed by synthesis (Cook, Raphael, 

and Scott, 1951). A fourth, acidic, substance was originally named 

“dehydroperillic acid” before its chemical nature was clarified. It has 

since been shown to be another tropolone, and has been assigned the 

name “thujic acid” (Erdtman and Gripenberg, 1948). Its structure is 
as follows— 

CH 3 CH 3 



COOH 
Thujic Acid 



3G6 
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The fragrant methyl ester of thujic acid has been isolated from 
western red cedar (Kurth, 1950). 

In concluding this brief reference to a fascinating new field of 
organic chemistry, a field opened by studies of mould metabolic 
products, it may be of interest to record that tropone (Dauben and 
Ringold, 1951) and tropolone (Cook et a \, 1950) have both been 
prepared. The general properties of tropolones show a family 
resemblance, ready isomerization to benzenoid substances, strong green 
or red ferric chloride colours, and the solubility of copper complexes 
in chloroform, as well as a generally aromatic character. 

The impact of studies of microbial metabolism have been almost as 
great on biochemistry as a whole. Certain substances have achieved a 
greater importance than was hitherto accorded to them, and some 
old problems have been brought into sharper perspective. An example 
of the former type is afforded by glutamic acid and glutamine. An 
old problem, raised even more sharply as a result of die work described 
in this book, is the biological conversion of glucose into benzenoid 
compounds. 
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Glutamic acid, HOOC.CH2.CH0.CH.NH2.COOH is one of the 
twenty odd amino-acids found in protein hydrolysates. As such it is 
not without interest. This interest has been heightened as the un¬ 
suspected importance of the acid in biological systems has come to be 
realized (Gale, 1948a). Glutamic acid has already been mentioned in 
the preceding chapter as a component part of folic acid. It is a major 
amino donator in transaminase reactions, and is similarly the precursor 
of ornithine and proline in the metabolism of Penicillium species. 

The old query, how micro-organisms convert glucose into benzene 
compounds, is as far from solution as ever. Only tentative suggestions 
can be put forward. One of these may be made following the results 
given in Chap. III. There it was shown that some bacteria are able to 
convert phenol and p-cresol into succinic, acetic, and formic acids, by 
way of /i-ketoadipic acid. If the enzyme systems are reversible in this 
series of reactions, one method by which the glucose molecule may be 
converted into compounds of the benzene series is as follows. A 
series of reactions similar to those postulated for the alcohol fermenta¬ 
tion by yeast will produce ethanol, and by oxidation, acetic acid. 
Manipulation of amino-acids will give keto-acids, succinic add, and 
hence ^-ketoadipic add, or a similarly constituted add able to be 
converted into a C 6 ring. Once the ring of six carbon atoms has been 
produced, linking them up to form anthraquinones and similar 
assemblages of rings is a simple matter by comparison. 

This suggestion is in line with present evidence that glucose is split 
into C 4 + C 2 and C 3 + C 3 fragments before building up into larger 
units. Another possibility is suggested by the fact that patulin, a 
derivative of y-pyrone is always accompanied by a benzenoid com¬ 
pound when isolated from mould culture solutions (Hassall and Todd, 
1947). Penicillium patulum produces gentisyl alcohol, and Aspergillus 
clavatus yields clavatol, as well as patulin. The literature records one 
case of a y-pyrone derivative being transformed into a benzenoid 
compound, namely Stewart’s reference (1927) to the conversion of 

di me thy 1-y-p y r one into orcinol, according to the scheme given on 
p. 308. 

The orcinol nucleus is found in the mould products mycophenolic 
acid, citrinin, and citromycetin, and in some of the lichen adds. 

In Chap. VII reference was made to gliorosein, an isomer of the 
quinol corresponding to the quinone, aurantiogliocladin. It is not 
complete y excluded that gliorosein may be an artifact, but if not tire 
partly reduced ring found in it may be produced as an intermediate in 
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the conversion of glucose into the benzene ring. This suggestion is 
due to the original author. 

Fundamentally biochemistry concerns itself with enzyme systems 
and the effects of changes in the environment on cellular processes. 
Three of the best known methods of studying such systems have 
already been illustrated in this book. They are: trapping intermediate 
products; adding intermediate products; and poisoning a key 
intermediate enzyme process. 

The process of trapping intermediates was mentioned during the 
discussion of the yeast fermentation. An example is the addition of 
bisulphite to fix acetaldehyde and thus identify this intermediate 
between glucose and ethanol. It is a powerful method but it suffers 
from two disadvantages. The first is the inevitable disturbance of 
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the overall process, which may lead to clarification as in the alcoholic 
fermentation, or it could lead to an obscuring of the true process. The 
second disadvantage is that the intermediate may have only a very 
short life, or may exist during the reaction in a different form from 
that which would be trapped by the added reagent. For example if 
the enzyme system, dependent upon the enol form of pyruvic 
acid, CH 2 =CHOH.COOH, can utilize it in this form, before a 
carbonyl reagent can enforce the ketonic change to the structure 
CH3CO.COOH, then the failure to detect any pyruvic acid deriva¬ 
tive, after adding the reagent, may erroneously lead to the conclusion 
that pyruvic acid is not an intermediate. Alternatively the carbonyl 
reagent may succeed in enforcing the keto change, and the enzyme 
system dependent on the enol form would then not operate. The 
exclusion of this enzyme system may force the succeeding enzyme 
systems out of balance and the general reaction sequence could take a 
new path. 

One example of the method of adding a suspected intermediate is 
the addition of glucose to cultures of Cytophaga hutchinsoni which are 
engaged in the breakdown of cellulose. The fact that the presence of 
glucose checks this process indicates that it is an intermediate, since its 
elevated concentration checks the forward reaction— 

Cellulose + H a O ^ glucose 

The alternative positive result that addition of an intermediate leads 
to an increase in the yield of end-product can be explained on the 
grounds that the formation of the intermediate is a bottle-neck in 
the process. If this is the rate-determining process, any outside 
additions will lead to an increase in the overall reaction rate. The 
objections raised above apply here also. The general system may 
well be altered by the addition of a substance because if it is not 
an intermediate it may exert an unexpected influence on the reaction. 
Further the supposed intermediate may well not be in the correct 
form for utilization. In the case quoted above pyruvic acid would 
necessarily be added in the keto and not the enol form. 

The third useful method of selectively poisoning one of the con¬ 
stituent enzyme systems can be regarded as a deliberately introduced 
derangement of the system. It can lead to positive results as was shown 
m the yeast fermentation. On the other hand it is not always an easy 

method to apply, and destroying a system is not usually the best way 
or understanding it. 7 
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There is another, a fourth, method of studying enzyme systems 
which is particularly well illustrated by mould metabolic products, 
and perhaps especially by the pigments. In this method Nature itself 
is persuaded to answer the questions of intermediary metabolism. It 
is carried out by searching for substances which are closely related to 
each other. One strain of a particular species may produce a certain 
end-product, another strain may produce the corresponding oxidized 
or methylated form. Alternatively a detailed search among the 
metabolic products of a certain species may lead to the isolation 
of closely related substances, and establish the existence of an enzyme 
chain. 

It is a somewhat empirical process and involves examining hundreds 
of species or strains. Locating these strains is an important part of the 
process and it is notable that X-irradiation of species can be made to 
produce mutants deficient in some enzyme systems. This “natural” 
approach to the problem is further exemplified by the supply of labelled 
atoms to naturally growing organisms. The study of mould products 
is therefore justified from their great chemical interest and for their 
biochemical interest as parts of enzyme systems. Considerations of 
this kind underlie the pioneering work of Raistrick and his colleagues 
on mould metabolic products. 

A similar justification applies to studies of dye retention. The 
ability of Gram-positive bacteria to absorb basic dyes more strongly 
than do the Gram-negatives, has been shown in an earlier chapter to 
be linked with fundamental differences between the two types of cell. 
Gram-positive types show resemblances to vegetable cells, Gram- 
negative bacteria resemble animal cells. This leads to justifiable 
speculations on their origins. Primitive structures such as bacteria 
may never have developed further since the distant past. Alternatively 
they may represent degenerate forms arising from higher cells. One 
could easily visualize a completely parasitic animal existence leading 
to such degeneration and having as end-products the Gram-negative 
bacteria and the related and completely parasitic Rickettsia and viruses. 
Gram-positive cells will similarly represent degenerate vegetable types. 
Another view is that both animal and vegetable forms arose from 
common ancestral cells. Gram-positiveness and Gram-negativeness 
may represent the commencement of the remarkable differentiation 
which ultimately produced animals on the one hand and plants on the 
other. Bacteria will then be regarded as archaic forms surviving to the 
present day. Probably they arise in both the ways just considered. 
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This could explain the variety of types so often met with within the 
same species. 

In addition to leading to speculations of this type, studies of dye 
retention form a powerful method of investigating the ultimate 
structure of bacterial and hence of other, higher cells. These studies 
indicate that in micro-organisms as in more highly organized forms of 
life deoxyribonucleic add is of fundamental importance in the trans¬ 
mission of hereditary characters. One may argue that conversely 
bacterial cells, like those of moulds and higher forms of life possess a 
nucleus. This is supported by several lines of evidence. 

If bacteria indeed possess a nucleus, their division rate being very 
high, they must contain relatively large quantities of deoxyribonuc- 
leoprotein. This is found to be so (Boivan, 1948). Bacteria are among 
the richest sources of this protein, being eclipsed only by viruses, which 
may be regarded as free nuclei parasitic on the cytoplasm of other cells. 
It is espedally striking that the quantity of deoxyribonucleic add 
present is a maximum in very young bacteria, being up to 30 per cent 
of the dry weight. This is consistent with deoxyribonucleoprotein 
being accumulated at this stage of rapid cell division. 

Further evidence has been based on using the enzymes deoxyri¬ 
bonuclease and ribonuclease in conjunction with staining techniques 
(Vendrely, 1950). If bacterial cells are treated with ribonuclease and 
then with Giemsa stain the nucleus is revealed as a darkly staining area. 
Conversely if deoxyribonuclease is used the ribonucleoprotein in the 
cytoplasm is shown up as strongly stained, the nucleus being a weakly 
stained area. 

The final evidence of any nuclear system is the fusion of two cells 
which takes place just before division. This is the sexual process found 
in higher plants and animals, in perfect forms of moulds, and some 
yeasts. It would not be expected to take place in primitive cells such 
as those of bacteria. However, evidence has indicated that in some 
cases cell fusion takes place before cell division. 

Lederberg and Tatum (1946) isolated from human faeces cultures 
which were typical strains of E. coli , even if they were somewhat 
mutable. One strain was unable to synthesize biotin, phenylalanine, or 
cystine. A second strain could not synthesize aneurin, threonine,* or 
leucine. When the cultures were mixed, strains were isolated which 
could synthesize all six compounds, five out of the six, and so on. 
Tins is most easily explicable on the assumption that the cells fused 
before division, and the progeny inherited characteristics from each of 
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their parent cells, as in higher organisms. This gives evidence not only 
of nuclei but of a sexual apparatus in bacteria. 

Biochemical studies based on micro-organisms have similarly drawn 
attention to differences between wide classes. The molecule of vitamin 
Bj (aneurin) consists of two halves, a thiazole half, and a pyrimidine 
half linked by a methylene bridge— 


N=C.NH 2 .HC 1 
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If the vitamin is split at the methylene bridge its activity is destroyed 
for mammals but not for micro-organisms. Similar distinctions can 
be made between classes of micro-organisms since, although most are 
autotrophic with respect to aneurin, others such as Staphylococcus aureus 
among the bacteria, and Phycomyces blakesleeanus among the fungi need 
to have it supplied from outside sources. 

One outstanding feature of micro-organisms is their ability to fmd 
alternative methods of carrying out their life processes. This leads to 
the production of strains resistant to various poisons. It is one of the 
weaknesses of streptomycin that resistant strains readily develop. 
The training of yeasts to resist fluorides is another well-known example 
of drug resistance. 

An example of this type of training is afforded by Bacterium typhosum 
(also known as Eberthella typhosa ), (Hinshelwood, 1946)- When 
freshly isolated this organism cannot grow in the absence of trypto¬ 
phan— 


Indole residue Alanine residue 

Tryptophan 

However, it can be trained to synthesize it by first persuading it to 
utilize indole instead of tryptophan, and then ammonia instead of 
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indole. Note that the absence of alanine is apparently not a bottle-neck 
once indole has been made. Apparently the protein into which trypto¬ 
phan is incorporated is produced from ammonia only with great 
difficulty, the organism having become “soft” by normally having 
ready access to a protein-rich diet. It is a parasitic bacterium associated 
with typhoid fever. 

A detailed discussion of the methods by which the cells adapt them¬ 
selves to these changes would be beyond the scope of this book. One 
or two points may be made, however. 

Two distinct possibilities are open on the basis of present knowledge. 
The first is that cells mutate spontaneously and by chance (Luria, 1947). 
There is a statistical possibility that in any medium not too far removed 
from the organism’s normal habitat, a few chance mutants will be 
able to develop, and gradually oust the less well-endowed cells. This 
“selection” theory explains the fact that when a bacterial culture is 
suddenly presented with a completely new diet it is often some days 
before growth begins. Similarly a long lag period is often required 
before growth begins in presence of drugs. In each case time is re¬ 
quired before the requisite number of cells have developed. This view 
of the course of events may be regarded as stressing the importance of 
genetic and hereditary characteristics and the function of the nuclear 
material, especially deoxyribonucleoprotein. 

The second possible explanation is one based on a study of the cell 
as a whole. It is a slightly more subtle, thermodynamic approach and 
is associated especially with Hinshelwood. The normal cell is regarded 
as a balanced system in which a large number of enzymes work on a 
unit process, the products from one enzyme system being the raw 
material for the next, or for an earlier enzyme system in cyclical 
reaction sequences. If the organism is suddenly confronted with a new 
medium or with a noxious component in an otherwise familiar diet 
this balance is upset. In the first case new enzyme systems have to be 
developed to cope with, say arabinose instead of glucose; and in the 

second case a new enzyme system has to replace that inhibited by the 
drug. 

This explanation, based on direct adaptation, possesses the attractive 
feature of not relying upon a chance, inexplicable occurrence. Any 
explanation which is derived from accepted laws or is based on a 
reasonable set of suppositions, must be viewed more favourably than 
one which depends in its fundamental assumption on pure chance. 
If it be said that chance implies only that present-day knowledge is 
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314 THE CHEMISTRY OF MICRO-ORGANISMS 


inadequate to give an explanation of the event, this makes the argument 
even more forceful, for the alternative explanation is based on present- 
day knowledge and does not attempt to explain by drawing upon the 
inexplicable. 

Both views are capable of being regarded as supplementary. The 
culture may survive owing to the operation of one set of circumstances 
in the face of one change of environment, and according to the second 
in the face of another. Whichever view is finally found to be closer 
to the facts there is no doubt that the phenomenon of mutation, 
variation, and adaptation, is extremely important. It may be a nuisance 
as in the development of strains resistant to drugs, or beneficial as in 
the development of penicillin-producing strains of Penicillium 


cftrysogcnum. 


The effects of the antibiotics on chemistry, biochemistry and 
medicine has been immense and only a few points can be touched upon 
in what must be a short discussion. 


The penicillins are mould products and it is curious that they should 
prove to be a mixture of several closely related substances, because this 
has set the fashion, so to speak, in that several others are also mixtures. 
One may refer to the polymyxins, subtilin, nisin, neomycin, and 
cephalosporin P, among others. It is also curious that prolonged 
searching in a number of laboratories has not led to a single further 
mould product with useful clinical applications. The reason for this 
is not that moulds do not produce antibiotics but that they are almost 
always far too toxic for use in medicine. 

The widespread use of antibiotics has brought with it new uses, and 
new problems, some biochemical such as their mode of action, and 
some medical such as problems of resistance and cross-infection. Two 
of the newer antibiotics, subtilin (Jansen and Hirschmann, 1944) and 
nisin (Berridge, 1947), are examples of new uses being found for 
clinically valueless products. Subtilin, produced by strains of Bacillus 
subtilis has a suggested use as a food preservative (Anderson and 
Michener, 1950). When subtilin is added to tinned peas, asparagus, 
tomatoes, green beans, maize, and milk at the rate of 10 p.p.m., 
heating at ioo°C for 10 min is sufficient to give full protection against 
micro-organic attack. Sterilizing such materials without adding 
subtilin would require pressure-heating for from 20 to 30 min. 

Nisin, produced by a “lactic” bacterium, Streptococcus lactis , may be 
employed in the cheese-making industry to check the growth of 
undesirable organisms (Berridge, 1953)- Being a ‘ natural product in 
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the sense that the “starter” organisms which produce good initial 
conditions in swcet-cheese making (cheeses of the Swiss type), have 
been shown to produce nisin, the addition of nisin is only tantamount 
to helping Nature. Its use is thus unobjectionable in every way. 

Nisin and subtilin are of interest in making their own contributions 
to chemical knowledge. They are similarly constituted complexes and 
yield on hydrolysis a mixture of amino-acids, some of which contain 
sulphur and are quite new to organic chemistry (Alderton, 1953; 
Newton et al. , 1953). 

The use of antibiotics in medicine has led to the position in which 
the production of these substances is now the most important branch 
of industrial micro-biology. It is true that great advances have followed 
the use of antibiotics but it is also true that some difficulties still arise. 
In hospital wards where penicillin is freely used the development of 
resistant strains is common. These bacteria are known in the U.S.A. 
as “persisters,” ( J. Amer. med. Assoc., 1951, 145, 1268). In the case of 
penicillin which is non-toxic the solution is to use excessive doses 
which prevent the development of such persisters. This solution is not 
applicable to some of the newer antibiotics. Streptomycin is too toxic, 
and chloramphenicol may cause damage to the bone marrow. Still 
another danger is the development of organisms not checked by the 
antibiotic being used, but able to develop because competitive 
organisms may be removed. 

This difficulty appears to be associated with the newer antibiotics. 
The American Council on Pharmacy and Chemistry (1951) have caused 
a warning statement to be placed on labels of bottles containin aureo- 
mycin hydrochloride, terramycin hydrochloride, and chloramphenicol. 
This draws attention to the fact that Monilia and other yeast-like 
organisms may replace the normal or abnormal bacteria as a result of 
antibiotic therapy, producing results which may be fatal. In this 
country similar experiences have been recorded in the medical press 
(Brit. med. ]., 1952, i, 523 and 537). One case was due to super¬ 
infection by Candida albicans, another was due to an Aspergillus species, 
and in yet other cases (J. Amer. med. Assoc., 1952, 148, 56) Gram- 
negative bacteria of the Chromobacteria type ( Serratia marcescens. 
Chromobacterium violaceum) have been responsible. It is recommended 
that discrimination should be employed in the use of a suitable anti¬ 
biotic and in any case the treatment should be changed if results do not 

appear to be distinctly promising in three to five days (Lancet, 1952, 
i» 1247). 
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The position is approaching where each disease may well have its 
appropriate curative agent. Thus chloramphenicol is the specific 
against typhoid fever, and penicillin against syphilis. On the other 
hand penicillin-resistant sufferers may be treated successfully with one 
of the other antibiotics. If one takes as an example a disease associated 
with several organisms, namely meningitis, it is very interesting to 
learn from the medical press how each type can be treated (Lancet, 
1952, ii, 231; Brit. med.J ., 1953, i, 841). 

Bacterial meningitis associated with the meningococcus (Neisseria 
intracellularis) is still best treated with one of the sulpha drugs, sulpha- 
diazine, and not with antibiotics at all. Pneumococcal meningitis is 
best treated with penicillin, but tuberculous meningitis should be 
treated with streptomycin. Then we come to the less common types 
of meningitis. That associated with Haemophilus influenzae can be 
treated with most of the antibiotics but chloramphenicol is preferred 
because it attains high concentration in the cerebrospinal fluid. Pseudo¬ 
monas pyocyanus can be associated with meningitis: if so it is probably 
best to use polymyxin taking care not to cause damage to the kidneys. 
Here streptomycin is a second choice, but only if the bacterial strain 
has been tested and found to be sensitive; and penicillin is useless. A 
meningitis associated with Escherichia coli is probably best attacked with 
streptomycin, with chloramphenicol as second choice; and finally a 
rare type associated with Streptococcus faecalis should respond best to 
aureomycin. 

There is no doubt that methods of medical treatment have been 
greatly enriched by having available such a variety of curative agents. 
Pneumonia and the venereal diseases are within sight of being eradi¬ 
cated completely; and even tuberculosis is being conquered, by com¬ 
bining early treatment with p-aminobenzoic acid or isoniazide widi 
streptomycin, and mass X-ray surveys of the population. Set-backs 
must be admitted. Leprosy is not amenable to any of the antibiotics; 
most of the virus infections go unchecked; and cancer remains 
medicine’s outstanding unsolved problem. So too, the use of some 
of the vitamins in medicine has not proved of value. Pantothenic acid 
is said to have been something of a disappointment in this respect (Brit, 
med. J ., 1952, i, 644). Even so it is widely agreed that the chemist 

and biochemist have revolutionized curative medicine. 

One unexpected aspect of the use of antibiotics is their wide range 
of usefulness outside medicine. Some of the newer American users of 
antibiotics are consuming quantities of antibiotics which are greater 
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than those used in medicine (Brit, tiled. J ., 1952, i, 640). A most 
interesting application has been as growth stimulaters for young farm 
animals and poultry. This new development links antibiotics and 
vitamins in the following way. Pigs and poulty reared in America on 
cheap vegetable diets require the addition of trace nutrients. These are 
added in the form of an “animal protein factor” of which several 
types are available. One was derived from cows’ dung and it soon 
became clear that vitamin B 12 produced by micro-organisms was the 
important growth factor. A later development was the use of con¬ 
centrated waste culture fluid from antibiotics factories. When the 
knowledge about vitamin B 12 enabled the step to be taken it was 
shown that the growth-promoting activity of the culture fluid from 
Streptomyces attreofaciens was greater than could be accounted for on its 
B 12 content. Aureomycin was then isolated and it was shown that 
growth-promoting activity was due to the combined action of the 
vitamin and the antibiotic. 

In both pigs and poultry the addition of aureomycin greatly increased 
the growth rate. It is suggested that the addition of aureomycin 
encourages the growth of an intestinal micro-flora similar to that 
giving aureomycin and thus vitamin B 12 . It will be of great interest 
if any structural connection can be found between the molecules of 
aureomycin and vitamin B 12 . Similar growth promoting activities 
have been shown for the other “mycins,” notably terramycin for pigs, . 
and penicillin for turkeys. 

Possibly the most far-reaching development of all has been the 
application of similar methods to young children. Preliminary reports 
showed a great benefit for premature babies when they were given 
aureomycin by mouth, and for children suffering from leukaemia and 

other illnesses when they were given streptomycin and terramycin 
(Robinson, 1952). 

This new application of the antibiotics is a development of their use 

as curative agents but it differs in two important respects. The 

quantities used are of the order of parts per million (one turkey 

experimenter used 12-6 g of crystalline penicillin per ton of feed: 

Wilson, 1952), at which concentrations the antibacterial activity is 

small. Further, they bring, in children, remissions in diseases for which 

the antibiotics are ineffective as curative agents when used in clinical 
practice (Barnard, 1952). 

A further more speculative use of antibiotics, is to be found in the 
field of biological pest control. Aureomycin appears to be toxic for 
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mice, lambs, dogs, and steers in quantities of the order of ioo p.p.m., 
at which concentration it is a growth stimulant for rats, pigs, and 
poultry (Roine and Ettala, 1952). It may be possible to develop one 
of the toxic antibiotics into a selective rodenticide, let us say against 
rats, which may modify the biological system inside the rat gut in such 
a way as to allow a disease epidemic to spread within the colony. It 
has been suggested that in the same way fungistatic agents may be 
produced in soils by inoculation with mould cultures and then allowing 
the plant to transport the antibiotic to the leaves (Brian et al , 1951). 
Griseofulvin, produced in soil by Penidllium nigricans and P. griseo- 
fuluum is a fungistatic agent specifically mentioned in this connection. 

Two outstanding problems remaining from the use of antibiotics 
are: how do they act? and why are they produced? 

The answer to the first question is not made any easier by con¬ 
siderations of structural formulae. It seems to be a general rule that 
ethylenic double bonds are present in many of the simpler antibiotics, 
and some other generalizations have also appeared. It was mentioned 
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in Chap. VII that introducing methoxy groups into the toluquinone 
nucleus increases antibacterial activity, whereas hydroxyl groups tend 
to weaken it. However, a consideration of the structural formulae 
given on p. 318 indicates how difficult it will be to arrive at any 
conclusion. All these substances are derivatives of tetronic acid, all 
contain at least one double bond, and methoxy groups occur in 
both active and inactive products. It cannot be said that there is yet 
any real correlation between chemical structure and biological activity. 

A much more profitable line of inquiry has been to study the effects 
of antibiotics on the cells of susceptible and non-susceptible organisms. 
This inquiry has not limited itself to antibiotics but has developed from 
much earlier work. This dates from 1913 and Ehrlich’s chemo¬ 
therapeutic index. Ehrlich showed that the efficacy of a drug depended 
very largely on the difference between its toxicity for the host and the 
parasite, and that a small alteration in the chemical make-up of the 
drug may render it quite ineffective. The first sulphonamide, “Pron- 
tosil” (Domagk, 1935) 2 : 4-diamino-azobenzene-4'-sulphonamide, 
(NH 2 ) 2 .C 6 H 3 .N: N.C 6 H 4 .S 0 2 .NH 2 , was valuable because it was 
effective against the invading organism but was well tolerated in large 
doses over long periods. Although they have been overshadowed of 
recent years the sulphonamides still have their place in medicine for 
this reason, comparing favourably, for example, with streptomycin 
and chloramphenicol. 

One of the weaknesses of the sulphonamides was their ineffective¬ 
ness in the presence of pus and tissue extracts. These extracts contain 
p-aminobenzoic acid, an essential growth factor for bacteria. The acid 
has already been noted in Chap. XI. According to Wood’s hypothesis 
(1940) the sulphonamides act by displacing p-aminobenzoic acid from 
vital enzyme reactions. The newly discovered vitamin, folic add, now 
entered the story for it was found to contain p-aminobenzoic add as 
an important constituent of its molecule. Further, some bacteria can 
only grow if they are supplied with pre-formed folic add whereas 
others require only the p-aminobenzoic add part of the molecule. 
There are still other bacteria which do not require folic add at all. It 
is significant that sulphonamides are inhibitors only for the group 
requiring p-aminobenzoic add. On the other hand the action of 
sulphonamides is opposed by substances such as xanthine which do 
not appear to be related to folic acid so that it may well be that several 

enzyme systems are ultimately affected by sulphonamides (Lampen 
and Jones, 1946). 
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The arrival of penicillin and die antibiotics was an even more 
epoch-making event than that of the sulphonamides. Since they are of 
such different chemical types differences between their action 
mechanisms are most illuminating. A great deal of information is 
available about penicillin’s action. 

It will be recalled that penicillin acts predominantly on Gram- 
positive bacteria, but an important early result was that it acted 
especially on young cells. When sub-lethal amounts of penicillin are 
allowed to act on bacteria, this leads to the development of giant 
forms such as enormously elongated sausage-shaped cells (even 
tending to filaments) and containing several nuclei, huge cocci and so 
on. The same changes are also shown by Gram-negative bacteria. 
Cells which are killed or rendered non-proliferating by penicillin did 
not show these swollen forms. These results show that nuclear fission 
is not impaired but the mechanism of cell division is damaged. This 
finding received confirmation when it was found that when resting 
cells of Staphylococcus aureus were incubated with lethal amounts of 
penicillin large numbers of viable bacteria were still present after 
twenty-four hours (Lapage, 1945). Similarly, factors which favoured 
the active growth of bacteria, especially a good nutrient medium, 
enhanced the activity of penicillin; whereas when poor media con¬ 
ducive to the development of resting bacteria were used penicillin’s 
activity was reduced. Again, bacterial spores are completely resistant to 
penicillin but when they have freshly germinated, the antibiotic is lethal. 

The substance most greatly concerned in these effects of penicillin 
appears to be glutamic acid, the importance of which was noted 
earlier in this chapter. E. F. Gale (1948 b) has shown that Gram- 
positive bacteria actively take up both glutamic acid and lysine from 
their surroundings. The cell wall is rich in magnesium ribonucleate 
(an aspect of the Gram-positivencss of the cell) which accelerates the 
take-up of glutamic acid, and this acid and lysine are vitally necessary 
for cell synthesis. Penicillin acts on the cell wall of proliferating 
bacteria, disrupts the metabolism of ribonucleic acid and prevents the 
utilization of glutamic acid. This explains the effectiveness of penicillin 
against young organisms as contrasted with the relative ineffectiveness 
against resting or mature cells. Gram-negative organisms do not take 
up glutamic acid in the same way because they can synthesize it inside 
the cell. The activity of penicillin is thus a reflection of the dietary 
differences between the two large groups of bacteria. 

Streptomycin affects both growing and resting cells (Umbreit, 1949)- 
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It appears to interfere with the oxidation of threonine and serine as 
well as with the oxalate-pyruvate reaction. Streptomycin would 
appear to differ most markedly from penicillin in concentrating in the 
extra-cellular fluids and thus inhibiting exo-enzyme systems rather 
than endo-enzyme systems as penicillin docs. 

Still other antibiotics act in other ways. Tyrothricin appears to 
exert a harmful effect on the outer membranes of bacteria because it is 


a powerfully surface-active agent. It will even lyse pneumococci under 
the right conditions. Penicillic acid appears to owe a great deal of its 
activity to its being an acid with a great tendency to upset amino-acid 
metabolism of bacteria (Chain and Florey, 1943). Quinonoid anti¬ 
biotics may interfere with the oxidation-reduction potential of cellular 
systems. Chloramphenicol has a structural similarity to phenylalanine 
and may interfere with the utilization of that acid, and more recent 
results tend to show that it interferes with the synthesis of indole from 
anthranilic acid (Bergmann and Sicher, 1952). On the other hand the 
effectiveness of aureomycin in cases of amoebic dysentery has a much 
more general explanation (Elsdon-Dew et al. t 1952). Amoebic 
dysentery is associated with Entamoeba histolytica and this organism can 
only grow in die intestines if certain bacteria can supply its growth 
factors. Aureomycin has its main action on these symbiont bacteria 
and thus checks the development of the amoeba. 


We are left with the question to which almost no beginnings of an 
answer have yet appeared. This question is the natural one: why are 
pigments, acids, antibiotics, and so forth, produced during the growth 
of the cell? Some—folic acid, possibly quinones—are produced as 
vital parts of enzyme systems. Why the carolic acid group of sub¬ 
stances, or the antibiotics, are produced is quite obscure. Some 
workers (e.g. Foster, 1947) feel that the huge yields of some substances, 
such as kojic acid are produced when the cultures “become sick” but 
this is difficult to accept as a general rule, because experience shows 
that good yields are associated with vigorously growing cultures and 
conversely. It has recendy been shown (Gibson, 1953) that oxalic acid 
production by Aspergillus niger is favourable to its penetration of the 
host tissue, when it produces a disease of ground-nuts, and it may be 
that as our knowledge develops, unexpected discoveries relating to 

parasitism, symbiosis, antagonism, and growth requirements will 
eventually clarify this obscure subject. 

Finally, one may justifiably speculate on future uses of micro¬ 
organisms. It seems to be improbable that large-tonnage industries 
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will spring from present developments, because of the difficulties of 
handling. 

There is one possible exception to this statement and this relates to 
solvent production. Bacterial changes are very rapidly brought about 
and it seems very possible that utilization of tropical heat and bacterial 
action may lead to sources of liquid fuels which could supplement or 
replace those already in existence. Attempts have been made to 
utilize the fact that the bacterial species Bacillus aceto-ethylicus can fer¬ 
ment pentoses to give acetone and ethanol to produce fuel from 
hydrolysed tropical grasses. These grasses produce two crops per year, 
may be hydrolysed by mineral acid, and the mash converted in forty- 
eight hours into solvents. The process is not economic at the present 
time. What is required is a further development of our knowledge of 
micro-biological hydrolysis agents. It would then be possible to carry 
out a two-stage process without the need of heat, by which, for 
example, an actively growing mould would hydrolyse the plant tissues; 
it would then be checked by the addition of a little selectively active 
fungistatic agent, the bacterial culture would be added, and the 
solvents would be distilled off. These could be used directly as fuel 
for internal combustion engines or used in other ways, for example 
after fractionation, as pure solvents. 

With this possible exception the production of complex products 
un economically produced by classic organic synthesis would appear 
to be the proper field of micro-organic chemistry (Kluyver, 1952). 
Even this slightly restricted field leaves most of the medical applications 
still open and the present emphasis on vitamins and antibiotics will no 
doubt lead to still other applications of micro-organisms. We may 
even look forward to the day when every ailment will have its own 
specific antibiotic; or will developments in preventive medicine 
render ail antibiotics superfluous? 

To close this book on a slightly fight-hearted note the author has 
often toyed with the idea of a micro-biologically luminescent wall¬ 
paper which would replace artificial fighting. We shall require mixed 
cultures, a nitrogen fixer to provide assimilable nitrogen, and a com¬ 
plementary organism to return the elementary nitrogen to the atmos¬ 
phere when it is finished with. A carbon dioxide fixing organism 
will supply carbohydrates, and minerals will be supplied by the 
wall plaster. On this inexhaustible medium a suitable strain of 
luminescent bacteria shall be caused to flourish. Either the whole wall 
will be uniformly luminescent, or alternatively attractive patterns 
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might be traced out for the bacteria to follow. Finally, tamed mould 
species will oxidize everything oxidizable back to carbon dioxide and 
water, and the whole process might be made continuous. 

Many great and fundamental discoveries must be made before an 
idea such as that above can be taken seriously, but who in 1927 would 
have forecast a development such as that of the antibiotics, and who 
therefore can venture to set a limit to the future prospects of what is 
to-day perhaps the most progressive branch of the biological sciences? 
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Absidia spinosa, chlorine utilization, 238 
Acetaldehyde— 
conversion to w-butanol, 77 
from E. coli, 56 
preparation using yeast, 295 
in yeast fermentation, 70, 71, 73 
Acetic acid— 
in acetone production, 78 
from bacteria, 75 

Acctoacctic acid, in acetone fermentation, 

78 

Acctobacter , 3, 75 

Acetobacter aceti, acetic acid from, 75 
Acetobacter ascendans, acetic acid from, 76 
Acetobacter sttboxidans, acetic acid from, 
76 

Acetobacter xylinum, oxidation of sorbitol, 
76 

Acetone— 

-butanol fermentation, 64, 76 
-butanol fermentation, contaminating 
organisms, 79 

-butanol fermentation equation, 77 
-butanol fermentation, plant production, 

79 

-butanol producing organisms, isolation, 
78 

-ethanol fermentation, products, 77 
production by Bacillus acetocthylicus, 65, 
76 

quantity produced by fermentation, 77 
Acctoin, 204 
Acetylacctone, 193 
C-Acetylorscllinic acid, 178 
Acetyl phosphate, 29 
Acctyltctronic acid, 205 

Achromobacter luminosum, reason for name, 3 
Arid— 

CgHjOj from P. brevi-compactum, 174 
C 10 H t0 Oj from P. brevi-compactum , 174 
C l0 H I0 O« from P. brevi-compactum, 174 
Ci,Hi« 0 7 from P. brevi-compactum , 174 
-fastness, 4 

chemical studies, 196 
Acids— 

from P. brevi-compactum, course of 
production, 184 

from PetiiciIlium brevi-compactum, separa¬ 
tion, 173 

Aconitic acid, from moulds, 57 
Aeon t turn velatium, growth in copper 
sulphate solution, 60 

Actinomyces antibioticus, actinomycin from, 
145 


Actinomyces cocticolor, pigment, 147, 286 
isolation, 287 

Actinomyces Jlavus, actinomycin J from, 
145 . 146 

Actinomyces violaccus-rubcr, pigment, 147 
Actinomycctes, 3 

Actinomycin J 2 or B (dodccyl 5-kcto- 
stearatc), 147, 199 
Actinomycinol B, 145 
acetyl derivatives, 145 
Actinomycins, 145 
amino acid composition, 145, 146 
Actithiazic acid. 229 
Adaptation, in bacteria, 323 
Adenine, 3 r 
Adenosine— 

diphosphate, 28, 67, 74 
phosphates, in yeast fermentation, 70 
triphosphate, 28, 67, 74 
Adenylic acid, 70, 264 
Aerobactcr aerogenes — 

growth on synthetic medium, 55 
pyruvic acid from, 56 
training, 38 

Aerobic and anaerobic growth, 20 
Aerosporin, 125 
Agaricic acid, 201 

Air supply, effect of restriction of, 56 
jd-Alaninc, 260, 261 

in nitrogen fixation, 43 
Alcaligenes faecalis, unable to grow anaero¬ 
bically on lactate, 21 
Alcaligenes radiobacter, symbiont, 42 
Aldehyde, sec Acetaldehyde 
Aldol, precursor of w-butanol, 77 
Aldolase, 67 

Alcctoria divergens, olivctoric acid from, 
175 

Alkaligenes viscosum, reason for name, 2 
Aloc-cmodin, 149 
Alopecia, 14 
Altemaria, 5 

L-Altrosc in varianosc, 53 

Amanita muscaria, muscarufin from, 162 

Amino acids— 

from actinomycins, 145, 146 
decarboxylation, 46 
from gramicidin, 124 
hydrolysis by bacteria, 46 
in lichcniformin, 127 
from polymyxins, 126 
from tyrocidine, 124 
“unnatural,” 127 

p-Aminobenzoic acid, 264, 267, 319 
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co-Ainino-p-hydroxyacetophenone, 237 
D-i-Aminopropane-2-ol from cobalamin, 
84 

p-Aminosalicylic acid, 196 
iso Amyl alcohol, 72 
Amyl penicillin, 96 
Anabolism, 8 
Anacrobiosis, 2 

Analysis using micro-organisms, rapidity 
of, 20 
Aneurin— 

determination by yeast, 15 
effect of fission, 312 
organisms producing or needing, 262 
pyrophosphate, 14 
role in nutrition, 262 
in symbiosis, 61 
unique natural substance, 228 
Animal feed supplement, 80 
Animal protein factor, 317 
Anisaldchyde, 195 
Anthranilic acid N-acetate, 144 
Anthraquinone pigments, 147 
chart, 156 

Anthronc, in estimation of mannosido- 
streptomycin, 112 

Antibiosis, among plants and animals, 60 
Antibiotic resistance, 315 
Antibiotic X, 45, 145 
Antibiotics— 
in food preservation, 314 
as growth stimulants, 317 
methods of detection, 296 
uses and problems, 314 
“Anti-dermatitis factor,” 260 
Aplastic anaemia, from chloramphenicol, 
116 

L-Arabinosc, 54 
Arginine phosphate, 28 
Arsenic, 227 
Ascomycetes, 4 
Ascorbic acid, 76, 318 
Ashbya gossypii — 
riboflavin yields, 82 
symbiosis with Polyporus adustus, 61 
Asparagine, as diet for E. coli, 38 
Aspartic acid— 

in nitrogen fixation, 43 
reductive deamination, 46 
Aspergillic acid, 233 
Aspergillus candidus — 
citrinin from, 127 
mannitol from, 81 
sugar interconversions, 55 
Aspergillus clavatus, clavatol from, 186 
Aspergillus elegans, sugar interconversions, 

55 

Aspergillus fiavus — 

aspergillic acid and flavacol from, 233 
flavacidin from, 96 


Aspergillus fiavus-oryzae, kojic acid from 
217 

Aspergillus fumaricus — 
fumaric acid from, 57 
malic acid from, 57 
Aspergillus fumigatus — 

cellulose decomposition by, 43 

ethylene oxide 1 : 2-dicarboxylic acid 
from, 27 
fumigatin from, 159 

Aspergillus giganteus, gigantic acid from, 96 
Aspergillus glaucus — 
colours of colonies, 5 
pigments, 155, 164 

Aspergillus itaconicus, itaconic acid from, 58 
Aspergillus nidulans, sugar intcrconvcrsions, 
55 

Aspergillus niger — 
in analysis, 15 

citric acid from, 57, 58, 64, 80, 81, 288 

colour of colonics, 5 

gluconic acid from, 290 

isolation of cultures, 288 

and molybdenum, 255 

oxalic acid from, 57, 290 

pigment, 255 

sulphur sources for growth, 228 
in tanning industry, 64 
vitamin B„ from, 254 
vitamin C from, 83, 209 
Aspergillus oryzac — 
on bread, 6 

carbon compounds utilized by, 24 
ethanol from, 56, 65 
kojic acid from, 81, 291 
lactic acid from, 55 
Aspergillus parasiticus, 96 
Aspergillus, “perfect” stage, 5 
Aspergillus species— 

high temperature need, 81 
penicillins from, 90 
pigments from, 155 

Aspergillus sydowi, choline sulphate from, 
228 

Aspergillus terreus — 
citrinin from, 127 
geodin and erdin from, 239 
itaconic acid from, 58, 81 
mutation rates, 36 
succinic acid from, 57 
Aspergillus ustus — 
ustic acid from, 186 
ustin from, 238 

Aspergillus versicolor, carbon compounds 
utilized by, 24 

Aspergillus wentii, malic acid from, 57 
Assimilation, 8 
Atromentin, 162 
Aurantiogliocladin, 161 
Auroglaucin, 164, 167 
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Aurcomycin, 119, 120 
antibacterial activity, 120 
isolation, 120 
mode of action, 321 
properties, 121 
structure, 121 
Autolysis, 29 
Autotrophism, 21 

Autotrophs, powers of synthesis, 23 
Azolitmin, 147 

Azotobacter. , molybdenum requirements, 
255 

Azotobacler chroococcum , symbiont, 42 

Bacillus aceto-cthylicus — 
acetaldehyde from, 56 
ethanol production by, 65 
fermentation, 76 
solvents from grasses, 322 
Bacillus anthracis, inhibition of growth, 105 
Bacillus brevis — 

antibiotic from, 61, 122 
resistance of spores to heat, 2 
Bacillus aerosponts, aerosporin from, 125 
Bacillus licheniformis, antibiotics from, 126 
Bacillus megatherium, vitamin Bj, from, 83 
Bacillus polymyxa, polymyxin from, 126 
Bacillus prodigiosus, sec also Serratia 
marcescens, 143 
Bacillus subtilis — 
antibiotics from, 126 
on bread, 6 

hydrolysis of tyrosine, 46 
oxygen from, by hydrogen peroxide, 8 
penicillin activity against, 99 
in penicillin assay, 297 
in streptomycin assay, 107 
Bacitracin, 126 
Bacteria— 

and moulds, differences between them, 5 

diagnostic tests, 286 

origins of different types, 310 

size and shape, 1 

training of, 312 

Bacterial metabolism, similarity to yeast 
metabolism, 56 i 

Bacterial nucleus, 30, 311 
Bacterial spores, 1 

Bacterium thiocyanoxidans, growth in thio¬ 
cyanates, 60 

Bacterium typhosum, training, 312 
Bacteriophages — 
as enzymes, 16 

danger in streptomycin production, 107 
in acetone-butanol fermentation, 79 
Bacterium, definition, 2 
Bacterium coli, see also Escherichia coli, 2 
Bact. coli mutabile , mutation in, 32 
Basidiomycetcs, 4 

Beggiatoa alba, corrosion of iron, 225 


Benzil, 303 
Bcnzilic acid, 303 

Benzoquinones as mould products, 158 
Benzyl methyl ketone, 178 
; Benzyl penicillin, 95 

mould for production, 90 
Bertrand’s sorbose bacterium, 76 
Binoculars, mould growth on lenses of, 59 
Biological pest control, 317 
Bios I (roeroinositol), 14, 258 
Bios IIB (biotin), 260 
Biotin (Bios IIB), 229, 260 
Biotin estimation, 15 
Biotin, in symbiosis, 61 
Blastomyces dermatilidis, mutation in, 34 
Blastomycosis, 34 

Botrytis allii, griscofulvin test organism, 244 
Bran, penicillin production on, 91 
Bread making, yeasts in, 65, 75 
Bromal, reduction by yeast, 71 
D-a-Bromo-y-mcthyltctronic acid, 205 
3-Bromo-2-nitroanisolc, 142 
Bromopropionic acids, utilized by Ps. 
putida, 9 

Broinosuccinic acid, utilized by Ps. putida, 
9 

N-Bromosuccinimidc, 214, 222 
Brucella, growth needs, 17 
Bubonic plague, streptomycin treatment, 
107 

2-ButadicnyIphcnanthrcnc, 167 
Butanol— 

acetone fermentation, 20 
quantity produced by fermentation, 77 
n-Butanol from acetaldehyde, 77 
froButyl acetate, 203 
Butyl alcohol, see also n-butanol, 64 
woButyl alcohol, constituent of fusel oil, 72 
tert-Butyl alcohol, constituent of fusel oil, 
72 

Butyl benzoate, 15 

2 - />pButyl-5-sec-butyl-3-hydroxypyra- 

zinc, 235 

3- isoButy!-6-5ec.-butyl-2-hydroxypyra- 

zinc-N-oxidc, 235 
Butyl sillagc, 80 

n-Butync acid, from carlosic acid, 207 
Butyric acid— 

precursor of butanol, 77 
preparation using bacteria, 296 
Butyrolactonc, 205 

Caldariomyces fumago — 
caldariomydn from, 238 
chlorine utilization, 253 
Caldariomydn, 238, 253 
Candida albicans, super-infection, 31s 
Caperatic add, 202 
Capric add, 226 
Caprylic add, 226 
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Carbon dioxide— 
essential nutrient, 264 
as fermentation product, 77, 80 
fixation by hctcrotrophs, 59 
Carbon sources available to micro¬ 
organisms, 24 
Carboxylase, 70 

L-y-Carboxymethyltetronic acid, 206 
2-Carboxymuconic acid, from protoca- 
tcchuic acid, 49 

(—) 2-(5-Carboxypentyl)-4-thiazolidonc, 
230 

Carlic acid, 204, 206 
Carlosic acid, 204, 206, 209 
Carolic acid, 204, 205 
series, from P. charlesii , 81 
yields, 81 

Carolinic acid, 204, 205 
Catabolism, 8 
Catalase, 8 
“Catch plates,” 282 
Catcnarin, 149 
synthesis, 150 
Cellobiosc, 44 
Cell- 

nucleus, 30, 311 

size, relation with type of existence, 17 
Cells— 

enzymic make-up, 16 1 

of micro-organisms, nature of, 6 
Cellulolytic bacteria, 82 
Cellulomottas, in cellulose decomposition, 44 
Cellulose— 

breakdown, 44, 309 
degradation, detection, 44 
hydrolysis, 44 
splitting moulds, 43 
Ccphalosporin-N, 90 
Cephalosporium, ccphalosporin-N from, 90 
Cctraria islandica — 

cctraric acid from, 181 
protolichesteric acid from, 202 
Cctraric acid, 181 
Cetyl citric acid, 201 

Chaetomium globosinn, in cellulose break¬ 
down, 43 

Chcmosynthcsis, 22 
Chcmo-thcrapcutic agents, 8 
Chitin, 24 
Chloral, 254 
Chloramphenicol, 115 
assay, 117 

chemical structure, 117, 118 
isolation, 117 
mode of action, 321 
non-susccptiblc organisms, 116 
production, 116 
properties, 117 
susceptible organisms, 115 
synthesis, 118 


Chlorine metabolism, 238 
Chlorocobalamin, 84 

7- Chloro-4 : 6-dimcthoxycoumaran -3 - 

one 2-sp«ro-i'-(2 , -mcthoxy-6 / - 
methyl-cyc/ohex-2-cn-4 , onc) 
(griseofulvin), 249 

3 - Chloro - 2 - hydroxy -4:6 - dimethoxy- 

coumaran-3-onc-2-/9-butyric acid, 
245 

Chloromycetin, see Chloramphenicol 

4 - (4 - (/> - Chlorophcnylazo-1- naphthyl)) - 

semicarbazidc, 112 

Chlorophyll, absence of in micro¬ 
organisms, 5, 19 
Chlororaphine, 141, 142 

8- Chloro-i : 2 : 3 : 4-tctrahydro-3-kcto- 

5:7- diinethoxy - 1 - mcthyldibenzo- 
furan, 251 

7-Chloro-4 : 6 : 2'-trimethoxy-6'-methyl- 
gris-2'-en-3 : 4'-dione (griseofulvin), 
249 

Choline sulphate (cychc), 228 
Chromobacter violaceum, violaccin from, 144 
Chromobactcria, resistance to antibiotics, 
315 

Chromobacterium iodinum , pigment from, 

142 

Chrysogenin, 24, 88, 101 
Chrysophanol, 148 
Citric acid— 
derivatives, 199 

formation from various carbon sources, 
57 

preparation using A. tiiger, 289 
production, 80, 81 
(db)-Citrinin, 133, 134 
Citrinin— 

antibacterial activity, 127 
isolation, properties, 127 
moulds producing, 127 
structure, 130 
synthesis, 130 
Citromycetin, 186 
derivatives, 186 
structure, 191 
Citromycin, 187 

Citrovorum factor (folinic acid), 265, 267 
Cladosporium, 5 
Clavacin, 219 
Clavatol, 186 
Claviformin, 219 
Clostridium species, 2, 8 
Clostridium acetobutylicum — 
importance, 2 
rapid action, 20 
fermentation products, 77 
Clostridium cellulolyticum, in cellulose de¬ 
composition, 44 . 

Clostridium fossicularum, producing hydro¬ 
gen, 82. 
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Clostridium methanigencs — 
in cellulose decomposition, 44 
methane production by, 82 
Clostridium pastorianum, nitrogen fixation 

by, 41 

Clostridium propyl buiylicum-alpha, fermen¬ 
tation products, 78 

Clostridium sporogenes, growth in oxygen, 
21 

Clostridium tetani, importance, 2 
Clostridium viscifaciens, fermentation pro¬ 
ducts, 78 

Clostridium welchii , carbon dioxide fixation 

by, 59 
Cobalt— 

in animal nutrition, 83 
in metabolism, 254 
in vitamin B lt , 84 
Co carboxylase, 14 

y-Cocdnic methyl ether anhydride, 152 
Coenzyme 1, 8, 13, 70 
dihydro-, 68 
oxidized, 68, 73 
“Coenzyme R” (biotin), 260 
Coenzyme 2— 
hydrogen acceptor, 8 
structure, 12 
yeast product, 10 
Colchicine, 304 
Colchicum autumnale, 304 
Colon-typhoid group of bacteria and 
amino-add breakdown, 46 
Copper— 

effect on P. patulum, 270 
metabolism, 254 
Copper sulphate, moulds in, 60 
Coprinus similis, 4-methoxytoluquinone 
from, 159 

Con ester (glucose-i-phosphate), 66 
Com steep liquor, in penicillin production, 
92 

Corticium croceum, cordcrodn from, 164 
Corticrodn, 164, 166 
Cordcrodn dimethyl ether, 165 
Corynebacterium diphtheriae, 232, 260 
Creatine phosphate, 28 
m-Cresol, in synthesis of catenarin, 150 
P-Crcsol, produced by E. colt, 49 
Cup-and-plate method for antibiotics, 296 
“Curling factor,” 244 
Cyanocobalamin, 84 
Cynodontin, 151, 153 
Cytophaga hutchinsoni, 44, 309 
Cytosine, 31 

Czapek-Dox, culture solution, 52 
Deamination of amino adds, 46 

Decarboxydihydrodtrinin, 128 
Decarboxydihydrodtrinone, 128, 129 
Decarboxygriseofiilvic add, 244, 251 


Dechlorogriseofulvin, 252 
Decylsuccinic acid, 201 
“Deeps” (“stabs”), 281 
Dehydrocarolic add, 204, 208, 318 
Dehydroperillic acid, 305 
Deoxyaspergillic add, 234 
Deoxyribonuclease, 311 
Deoxyribonucleic acid, 30, 272 
Deoxyribonucleoprotcin, 37, 311 
i>-2-Deoxyribose, 31 

Dermocybe sanguined, Frangula- emodin 
from, 148 
Desmolases, 8, 9 
Dcthiogliotoxin, 231 
Diacetyl, 208 

2:4- Diaminoazobenzene - 4' - sulphona- 
mide, 319 

Diaminobutyric acid, 127 
2 : 6-Diaminopimclic acid, 232 
Dichloroacetic acid, from chlorampheni¬ 
col, 118 

2 : 2-Dichlorocyc/opentanc-i : 3-diol, 254 
Dichlorodihydroxycyc/opentane, 254 
2 : 6 Dichloro-3 : 5-dihydroxy-p-toluic 
acid, 241 

2 : 6 Dichloro-3 • 5-dimethoxy-p-toluyl 
chloride, 242 

Dichloro-p-orsellinic acid monomethyl 
ether, 241 

2 : 6-Dichloro-orcinol dimethyl ether, 241 
2 : 6-Dichloroquinone chloroimide, 184 
Dicthylarsinc, 227 
Dihydrochrysogcnin, 101 
dimethyl derivative, 102 
Dihydrocitrinin, 128 
structure, 130 
synthesis, 134 

Dihydrodtrinone, structure, 130 
Dihydro-coenzyme 2, 11 
structure, 13 

Dihydroerdin trimethyl ether, 241 
Dihydrogriseofulvin, 251 

Dihydromannosidostreptobiosamine, 114 
Dihydro-i-methoxyphenazine, 140 
DihydromycophenoUc add, 181 
Dihydropenicillic add, 210, 212, 318 
Dihydroresorcinol, 249 
Dihydrostreptomydn, 113 

in clinical use, 114 
Dihydroxyacetone phosphate, 67, 73 

2 : s-Dfiiydroxybenzaldehyde, 171 

2 : 5 -Dihydroxybenzoic add, 170 

3 : 5 -Dihydroxybenzoic add, 240 

2 : s-Dihydroxybenzyl alcohol, 170 

3 ■ 5-Dihydroxy-2-carboxybenzoylmethyl 

ketone hydrate, 179 

3 : 5-Dihydroxy-2-carboxybenzylmethyl 

ketone, 178 

3 : 5 **Dihydroxy-2-carboxyphenylacetyl- 
methyl carbinol, 179 
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3 - (4 : 6 - Dihydroxy - 5 - carboxy - 0-tolyl) 

butan-2-ol, 133 

2 : 3-Dihydroxy-4 : 5-dimethoxytolucnc, 

r 59 

1 : 5-Dihydroxy-3 : 4-dimethylbenzcnc, 

181 

2- (3 : 5-Dihydroxy-2 : 6-dimethyIphcnyl) 

butane, 129 

4 : 5 - Dihydroxy - 7 - mcthoxy - 2 - mcthyl- 

antliraquinonc, 155 

3 : 5 - Dihydroxy - 2 - mcthylbcnzoic acid, 

130, 131 

6:8- Dihydroxy - 3 - mcthylisocoumarin, 
178 

1:5- Dihydroxyphenazine di - N - oxide 
(iodinin), 143 

3 : 5-Dihydroxyphthalic acid, 174, 177 

2 : 5-Dihydroxytolucnc, 170 

3- (4 : 6-dihydroxy-o-tolyl)-butan-2-ol, 

129 

2 : 3-Dikcto-4-methylenepentanc, 211 
Diketones, reduction by yeast, 71 
Dimedone— 

modifying yeast fermentation, 74 
relation to griseofulvin, 249 

1 : 5-Dimethoxy-2 : 3 : 4 : 6-bcnzenc tetra- 

carboxylic acid anhydride, 182 

2 : 5-Dimethoxybenzoic acid, 171 

6 : 7-Dimethoxychroman-4-one, 193 
6 ': 7' - Dimcthoxy -2:4- dimethylchro- 
meno (3': 4': 5 : 6)-pyranol, 192, 193 
3:5- Dimcthoxy - 2 - (2' - hydroxy - 4' - 
mcthylbcnzoyl)-benzoic acid, 150 

3 : 5-Dimcthoxy-2-mcthylbcnzoic acid, 

130, 131 

3 : 5-Dimcthoxy-2-methylbenzoyl chlor¬ 
ide, 131 

3 : 5-Dimethoxy-2-mcthylbcnzyl cyanide, 

131 

3 : 5-Dimethoxy-2-mcthyl-cu-diazoaceto- 
phenone, 131 

3:5- Dimcthoxy - 2 - methylphenylaccta- 
mide, 131 

1 : 5-Dimethoxyphcnazine, 142 
3 : 5-Dimcthoxyphthalic anhydride, 150 
3-(4 : 6-Dimethoxy-o-tolyl) butan-2-ol, 

1 32 

a-(4 : 6-Dimethoxy-o-tolyl) propionalde- 
hyde, 132 

a-(4 : 6-Dimcthoxy-o-tolyl) propiona- 
midc, 131 

a -(4 : 6-Dimethoxy-o-tolyl) propionitrile, 

131 

5 : 6-Dimcthylbenziminazole, 84 
O-Dimethylcitromycetin, 187 
O-Dimethylcitromycin, 187 

structure, 191 

O-Dimethylcitromycinol, 187 
structure, 190 

O-Dimethylcitromycinone, 188 
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O-Dimethylcitromycinone, structure, 189 
Dimcthylgentisic acid, 171 

4 : 6-Dimcthylocta-2 : 4-dicnoic acid, 239 
Dimcthyl-y-pyronc, 307, 308 

5 : 6-Dimethyl-i-D-a-ribofuranozylbcnz- 

iminazolc, 85 
Dimethyl selcnide, 227 
Dimethyl tclluride, 227 
2 : 2'-Dinitro-3 : 6'-dimethoxydiphcnyl- 
amine, 142 

1 : 3-Diphosphoglyceric acid, 68, 73 
Diplococcus pneumoniae — 
reason for name, 3 
conversion of S to R forms, 35 
Directed mutations, 35 
Diseases— 

curable by chloramphenicol, 116 
resistant to penicillin therapy, 100 
Dismutases, 9 
Dissimilation, 8 

Distinctions between moulds and bacteria, 
55 

Divaric acid, 180 
Divaricatic acid, 180 
Divaricatinic acid, 180 
n-Dodccanoic acid, 201 
Dodccyl 5-kctostcaratc (Actinomycin J, or 
B), 147, 199 

Dye retention studies, 311 

Eberthella typhosa — 

reason for t«6t result, 56 
training, 312 

Eidamia viridescens, ethanol production by, 

*5 

Emodic acid, 148 

sulphuric acid colour, 294 
Emodin {Frangula- emodin), 147, 149 
Endoconidiophora cocrulescens methylhcp- 
tenone from, 202 
Endocrocin, 149 
Enolase, 69 

Energy requirements of resting cells, 29 
Energy-rich phosphate bonds, 27 
Enzymes, 6 

and mutations, 313 
auto synthetic, 16 
“cell-free,” 7 

present in micro-organisms, 9 
reactions, reversibility, 10, 15 
specificity, 8 

systems, methods of studying, 308 
nature of, 8 
yellow, 10 
Erdin, 239 

alternative structures, 243 
hydrate, 242 

Eremothecium ashbyii, in riboflavin pro¬ 
duction, 82 
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Ergosterol, 26 
from yeasts and moulds, 83 
palmitatc, 26 
Erythroglaucin, 155 
Escherichia coli — 

anaerobic growth, 21 
antibiotics test organism, 298 
in assay of streptomycin, 107 
carbon dioxide fixation by, 59 
cell fusion before division, 311 
a “coliform,” bacterium, 2 
contaminant in penicillin production, 93 
conversion of S to R forms, 35 
deamination of amino acids, 46 
grown on synthetic medium, 55 
meningitis, 316 
origin of “gas,” 56 
pyruvic add from, 56 
trained to grow on asparagine, 38 
vitamins for human beings, 14 
Esterases, reversibility, 15 
Ethanol— 

preparation using yeast, 295 
production by Bacillus acetoethylicus, 65 
production by micro-organisms, 65 
production of, by moulds, 56, 65 
quantity produced in U.S.A., 66 
yeast fermentation, 64, 70 
Ethyl acetate, 203 
from Penicillium digitatum, 56 
Ethylcarolic add, 207 
Ethyl mesoxalate, 221 
Ethylene oxide, 1 : 2-dicarboxylic add, 27 
Evernia divaricata, divaricatic acid from, 180 
Exo-enzymes, 9 
Expansin, 219 

Fermentation amyl alcohol, in yeast 
fermentation, 72 

Fermentation L. casei factor, 265, 268 
Ferric chloride colour reactions, 292 
Ferrous sulphate, effect of on P. patulum , 
270 

Flavaddin (flavacin), 9 6 
Flavacol, 233 
synthesis, 235 
Flavobacterium , 2 
Flavoglaucin, 164 
Fluoropenidllin, 93 
Folic add, 15, 265, 319 
Folimc add (dtrovorum factor), 267 
Pomes officinalis, agaridc add from, 202 
Formaldehyde, 208 
Formic add, 55 

io-Fonnylpteroic add (rhizopterin), 267 
Fructose conversion to mannitol, 53 

Fructose-i: 6-diphosphate (Harden-Younc 
ester, 67 b 

D-Fructose, mannitol from, 54 

Fructose-6-phosphate (Ncuberg ester), 67 


Fulvie add, 270 

Fumago vagans, caldariomycin from, 253 
Fumaric add— 

from Aspergillus fumaricus , 57 
in nitrogen fixation, 43 
production by moulds, 57 
from P. griseo-fulvum, 270 
yield from Rh. japonicus, 81 
Fumaromono-DL-alanidc, 232 
DL-fumaryl-alanine, 232 
Fumigatin, 158 
Fungi Imperfecti, 4 
Fusarium, 5 

Fusarium culmorum , 158 
Fusarium, ethanol from, 56 
Fusel oil— 
constituents, 72 
in yeast fermentation, 45 
Future uses of micro-organisms, 321 

Galactocarolose, 53 
i>-Galactose, mannitol from, 54 
Gallic add, 64 

Gallionella ferruginea, iron bacterium, 22 
Gammexane and inositol, 259 
Gentisic add, 170, 270 
Gentisyl alcohol, 170, 270 
Geodin, 239 

alternative structures, 243 
hydrate, 242 
G forms of bacteria, 34 
Gigantic add (amyl penicillin), 96 
Gliocladium Jimbriatum, gliotoxin from, 230 
Gliocladium spedes, aurantiogliocladin 
from, 161 

Gliorosein, 161, 307 
Gliotoxin, 230 
monoacetate, 231 
moulds producing, 230 
Gluconic add— 
in dtric add production, 81 
lactone, 102 
from moulds, 58 
preparation using A. tiiger, 290 
Glucosamine from streptomycin deriva¬ 
tives, no 

Glucose aerodehydrogenase, 102 
Glucose— 

conversion into benzene compounds, 

_ 307 

disadvantage in penicillin production, 92 
oxidation by notatin, 102 
D-glucose, mannitol from, 54 
Glucose-i-phosphate (Cori ester), 66 
Glucosc-6-phosphate (Robison ester), 66 
Glutamic add— 

and action of penicillin, 320 
and pteroylglutamic add, 267 
importance, 264 
in metabolism, 306 
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Glutamine, 264, 306 
Glycerol, 64 

fermentation, equation, 74, 75 
preparation using yeast, 295 
in yeast fermentation, 72 
a-GIycerophosphatc, 73 
a-Glycerophosphoric aldehyde, 67 
Glycuronic acid from moulds, 58 
Gramicidin, 122 

and tyrocidine, separation, 123 
biological activity, 123 
chemical structure, 124 
discovery, 61 
Gramicidin S— 

anti-bacterial activity, 125 
structure, 125 
Grain positive— 

conversion to Gram negative cells, 275 
and Gram negative organisms, 273 
Gram stain, 310 
and antibiotics, 277 
mechanism, 277 
procedure, 272 
Grisan, 249 
Griscofulvic acid, 244 
reduction products, 246 
structures, 250 
structure, 249 
Griseofulvin, 243 

biological activity, 244 
isolation, 236 
from P. griseofulvin, 270 
reduction products, 251 
relationship to erdin, 252, 253 
structure, 248 
systemic fungicide, 318 
iso Griseofulvin, 244, 248 
reduction products, 252 
Growth, detection of in micro-organisms, 
15 

Guanine, 31, 269 

"Gutter” method for antibiotics, 298 

Haemophilus, growth needs, 17, 258 
Haemophilus influenzae — 
in penicillin discovery, 87 
meningitis, 316 
streptomycin sensitive, 107 
Halogen metabolism, 238 
Harden-Young ester (fructose-i : 6-diphos- 
phatc), 67 
Heat-shock, 78, 79 
Helminthosporic acid, 152 
Hclminthosporin, 25, 151 
Helminthosporium geniculatum, ethanol pro¬ 
duction by, 65 

Helminthosporium gramineum, helmintho- 
sporin from, 25 

Helminthosporium ravenelii, ravenelin from, 
156 


Helminthosporium, species— 
producing catenarin, 150 
cynodontin, 153 
helminthosporin, 151 
Helminthosporium tritici-vulgaris, cynodontin 
I from, 153 
Hemipyocyanine— 
as antibiotic, 141 
quinonc and semiquinonc, 140 
Heptamcthylhexahydrothelephoric acid, 
167 

n-Heptyl penicillin, 96 
Herbivorous animals— 
bacteria in intestinal tract, 82 
bacterial vitamins in, 14 
Hexachlororyr/ohexanc, 259 
Hexa - (l - glutamyl) - ptcroyl - 1 - glutamic 
acid, 268 

n-Hcxanolactone, 207 
Hcxose-6-phosphate, n 
! Histidine, 47 

Homoprotocatcchuic acid, 194 
Hydrogen— 

by fermentation, 77 
from cellulose, 82 
peroxide— 
and catalase, 7 
from notatin, 102 

sulphide, by yeast reduction of sulphur, 
72 

Hydrolysis, enzymic, 7 
Hydroxocobalamin, 84 
p-Hydroxybenzoic acid, 237 
p-Hydroxybcnzyl alcohol, 50 
p-Hydroxybenzyl penicillin, 95 

3- Hydroxybutyric acid y-lactone, 205 
1 -Hydroxy/jocaproic acid, 72 

1 - Hydroxy - 3 - carboxy - n - tetradecanoic 
acid y-lactone, 201 

3 - Hydroxy -2:3- dicarboxypcntadccoic 
acid, 201 

4- Hydroxy-6 : 7-dimcthoxy-3-acctoace- 

tylcoumarin, 188 

3 - Hydroxy -4:5- dimethoxy - 2 - acetyl- 
toluene 159 

2- Hydroxy-4 : 5-dimethoxybenzoic acid, 

188 

1 - (2 - hydroxy -4:5- dimethoxyphenyl) 
hcxane-i : 3 : 5-tnone, 189, 190 

3- Hydroxy-5 : 6-dimethoxyphthalic acid, 

188 

co-Hydroxyemodin, 148 

5- Hydroxy-2-hydroxymethyl-y-pyrone, 

217 . 

Hydroxy la mine, in nitrogen fixation, 43 
Hydroxymaltol from hydroxystrepto- 

mycin, 113 

3-Hydroxy-2-methoxy-4-bromomethyl- 

pcnta-i : 3-diene-1-carboxylic acid 
lactone, 214 



INDEX 


335 


6-Hydroxy-4-mcthoxy-3-methyl-5-(5 / - 
carboxy - 3' - mcthylpcnt - 2' - cnyl) 
phthalide, 184 

3-Hydroxy-2-mcthoxy-4-mcthyl-pcnta- 
1: 4-diene-i-carboxylic acid lactone, 
213 

2-Hydroxy-6-methylbenzoic acid, 171 

2- Hydroxymethylfuran-5-carboxylic acid 

(Sumiki), 216 

3- Hydroxy-4-methylhexanoic acid, 211 

3 - Hydroxy - 2 - methyl -1 : 4-naphthoqui¬ 
none, 198 

3 -Hydroxy-4-methylpent-4-en-1 -yne-1 - 
carboxylic acid, 213 

1- Hydroxyphenazine, 137, 140 

2- p-Hydroxyphenylethylamine, 92 
5-Hydroxyuophthalic acid, 301 
Hydroxystreptomycin, 113 
a>-Hydroxytoluquinone, 170, 171 

D-Idose in varianose, 53 
Iminoglutaric acid, 306 
Indigo, 145 
Indole, 48 
carboxylic acid, 48 

Influenzal meningitis, streptomycin treat¬ 
ment, 107 

Initial phase (condition), 73, 74 
Inositol— 

and Gammcxane, 259 
bacteria producing, 259 
(Bios I), 14, 258 

relation to strepddine and streptamine, 
109 

synthesis by bacteria in mouse gut, 14 
Iodinin, 142 

Iodoacetic add, poisoning enzyme 
reaction, 68 
Iodoform, 178 
Iron bacteria, 22 
Islandicin, 151 

Iso electric point of bacteria, 274 
Itaconic add, from moulds, 57 
Itaconic add, use in plastics field, 81 
Isomerase, 68 
Isoniazide, 262 

Jensenia, 3 

/?-Keto adipic add, 49, 307 
Ketoglutaric add, 306 
2-Keto-L-gulonic add, 76 
Ketones, reduction by yeast, 71 
y-Ketopentadecoic add, 199 

Klebsiella pneumoniae, in streptomycin 
assay, 108 
Kojic add, 217 
diagnostic test, 217 
formation from various sugars, 218 
preparation using moulds, 291 
yields, 81 


Lactic add— 
estimation, 15 
fermentation, 80 
from bacteria, 55 
from pyruvic add, 70 
from Rhizopus sp., 55 
from sucrose, 53 
preparation using yeast, 295 
production by micro-organisms, 64 
uses, 80 

Lactic bacteria, 8 

contaminants in acetone-butanol fer¬ 
mentation, 79 
type spedes, 80 
Lactobacillus casei — 
and folic add, 265 
description, 285 
in analysis, 15 

Lactobacillus helveticus in analysis, 15 
Lactobacillus mannitopoeus, growth p uzzl e, 
262 

Lactobacillus pentoaceticus, DL-lactic add 
from, 55 

Lactobacillus thermophilus, reasons for name, 
3 

Lactose in penicillin production, 92 
Lag phase, yeast and bacterial growth, 73 
Laurie add, 200 

Law of Mass Action, applied to enzymic 
reactions, 15 

Lentinus degener , 4-methoxytoluquinone 
from, 59 

Lentinus lepideus, volatile products, 194 
Leucine— 
anhydride, 235 
from aspergillic add, 234 
precursor of iso amyl alcohol, 72 
iso Leucine, from aspergillic add, 234 
D-alloiso Leucine, 146 
Leucofumigatin, 159 

Leuconostoc citrovorum , and “dtrovorum 
factor,” 265 

Leuconostoc mesenteroides, L-lactic add from 
55 

Leucophoenidn, 163 
Leucopterin, 266 
Leucopyocyanine, 137 
colour changes during oxidation, 139 
Levulic add, 182 
Lichcniformin, 126 
Lipases, 15 

“Liver filtrate factor,” 260 

Log phase, in yeast fermentation, 73 

Lutdc add, 52 

produced from various sugar sources, S2 
Luteosc, 52 

Lysozyme, 276 

Magnesium ions, in pyruvic add pro, 
Ruction, 69 ‘ 
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Magnesium ribonuclcate, 276 
Malic acid— 

production by moulds, 57 
reduction by yeast, 71 
Malonic acid, from lutcic acid, 52 
Maltol, degradation product of strepto¬ 
mycin, 108 

Manganese, effect on P. palulum, 270 
Mannitol— 

differences in mould and bacterial 
production, 53 
from P. griseo-Julvum , 270 
hexanitrate, 81 

preparation using moulds, 291, 292 
production by micro-organisms, 54 
separation from glucose by yeasts, 71 
yields from Aspergillus Candidas , 82 
Mannocarolose, 52 
Mannonic acid from mannose, 58 
D-Mannose, mannitol from, 54 
Mannose— 

in mannocarolose, 52 
not a natural product, 58 
produced by moulds, 53 
D-mannosc, oxidation by notation, 102 
Mannosido-strcptomycin, 113 
structure, 114 

Meningitis, antibiotics in treatment of, 316 
Meningococcus, 316 
meso Inositol, see Inositol 
Metalloids, utilization by moulds, 227 
Methane— 

from sewage, 82 
quantity produced, 82 
7-Methoxychrysophanol, 155 
Methoxy group and antibacterial activity, 
161 

Methoxymalcinimidc, 143 
Methoxypcnicillin, 93 

3- Methoxy-2 : 5-toluquinone, 246 

4- Methoxytoluquinonc, 158 
a-Methylacraldehydc, 213 
Methacrylic acid, 81 
Methylallyl alcohol, 212 
Methylaminc from streptomycin deriva¬ 
tives, no 

2-Mcthyl-3-M-amylpyrrolc, 143 
Methyl anisate, 195 
Methyl cinnamatc, 194 
2-Mcthylcaproic acid, 220 
Mcthyl-citrinin (citrinin methyl ester), 128 
synthesis, 134 

Methyl 3 : 5-dimethoxybcnzoatc, 242 
Methyl O-dimethylcitromycetin, 187 
Methyl O-dimcthylcitromycetinol, 187, 
191 

Methyl O-dimethylcitromycctinonc, 187, 

191 

Methyl-O-dimethyldihydrocitrinone, 128 
Methyl dimethylpyruvate, 211 


Methylene blue, 8 

Methylheptanol, by yeast reduction, 71 
Methylheptanonc, reduction by yeast, 71 
2-Methylhept-2-cn-6-one, 203 
Methyl hydrogen sulphide, 227 
Methylhydroxybcnzophcnonc, 156 
2-Methyl-6-(2-hydroxy-4 : 5-dimcthoxy- 
phcnyl)-y-pyronc, 189, 190 
2-Mcthyl-3-hydroxy-«-hcxanoic acid lac¬ 
tone, 220 

Mcthyl-p-mcthoxycinnamatc, 194 
2-Methyl-i : 4-naphthoquinonc, 261 
Methyl mycophenolatc, 182 
Mcthyloctanoic acid, 127 
2-Methylorcinol, 181 
Methyl salicylic acid, 25, 171, 269 
10-Mcthyistcaric acid, 197 
a-Methyl tetra-acetyl-D-mannopyrano- 
side, 114 

L-y-Methyltetronic acid, 203 
N-Methyl-L-valinc, 145 
Methylxanthone pigments, 156 
6-Mcthylxanthoptcrin, 267 
Mice, and alopecia, 14 
Micrococcus, 3 
Micro-organisms— 
advantages in using, 19 
in analysis, 15 

appearance on petri dishes, 282 
cultivation, 281 
“dilution plating,” 284 
distribution, 6 
future uses, 321 
identification, 285 
isolation of pure strains, 280, 2S3 
luminescent wall-paper, 322 
number of in soil, 6 
nutrient solutions, 280 
pigments, 286 
preservation, 282 
suitable natural sources, 280 
Mineral deposits, formed by sulphur 
bacteria, 225 

Miniolutcic acid, 199, 201 

Mixtures as microbiological products, 172, 

203,314 

Mode of action of antibiotics, 320 
Molasses— 
blackstrap, 78 

for penicillin production, 91 
Molybdenum, metabolism, 255 
Monilia sitophila, rapidity of growth, 6 
Monilia species, resistant to antibiotics, 315 
Monomcthylaminc, 23 
Moulds— 

and bacteria, differences, 5 
and cellulose degradation, 43 
and plastics, 81 
carbohydrate metabolism, 5 1 
colour of colonics, 5 
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Moulds ( contd .)— 
efficiency of cells, 51 
hyphae, 4 

interconversion of sugars, 52 
pigments, 147 
isolation, 294 
size, shape, 4 

suitable sulphur sources for growth, 228 
synthetic activities, 52 
unaffected by penicillin, 100 
M S R change, 33 
Mucoid colonies, 33 

or-cts-Muconic acid from catechol, 49 
Mt (COT — 

description, 4 

conversion to a “yeast,” 271 
lactic acid from, 55 
species, succinic acid from, 57 
Mucor ramanianus, symbiosis with yeast, 61 
Muscarufin, 162, 166 
Muscle glycolysis, 66 
Mutation— 

and penicillin production, 89 
in bacteria, 313 
Mycclene, 236 

Mycelianamide, 172, 236, 270 
p-Myceloxybenzoic add, 237 
O- Mycelyl -N -pyru voy 1 - /? - kc to t yrosinc 
amide, 237 

“Mycins” as growth promotors, 317 
Mycobacterium, 3 
Mycobacterium leprae , 16, 258 
Mycobacterium paratuberculosis, growth 
needs, 261 

Mycobacterium phlci , growth stimulant 
from, 261 

Mycobacterium tuberculosis — 
and add-fastness, 196 
agent of tuberculosis, 3 
diaminopimelic add from, 232 
relation to other Mycobacteria, 261 
Mycolipenic add-i, 197 
Mycomydn, 198 
iso Mycomydn, 199 
Mycophcnolic add, 180 
first isolation, 105 
structure, 184 
yield, 174 
Mycorrhiza, 164 

Nalgiolaxin, 155 
Nalgiovensin, 154 

N-(i-Naphthyl) ethylene diamine, in 
chloramphenicol assay, 117 
Neisseria gonorrhoea , activity of penicillin 
against, 99 

Neisseria intracellularis, meningococcus, 316 
Nephromopsis endocrocea, cndocrodn from, 
149 

Neubcrg ester (fructosc-6-phosphate), 67 
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Neurospora sitophila, pyridoxinc estimation, 
15 

Niacin, sec Nicotinic acid amide 
Nicotinic acid— 

amide (niacin) as growth factor, 262 
animal requirements, 263 
in coenzyme 2, 13 
as growth factor, 262 
organisms producing or needing it, 263 
iso Nicotinic add hydrazide, 196, 262 
Nisin, 314 

Nitric add, growth of moulds in, 60 
Nitrifying bacteria, 22 
Nitritocobalamin, 84 

p-Nitro-a-acetamido-^-hydroxypropio- 
phenone, 119 

p-Nitro-a-aminoacetophenonc, 119 
3-Nitro-2-aminoanisole, 142 
Nitrobacteriaceae, 22 
Nitrobenzene, reduction by yeasts, 71 
p-Nitrobromoacetophenonc, hcxamcthyl- 
cne tetramine salt, 118 
Nitrococcusic add, 152 
Nitrogen fixation, 40 
and molybdenum, 255 
Norcaperatic add, 202 
Norcardia acidophilus , mycomydn from, 198 
Norgriseofulvic add, 244, 250 
Normycophcnolic add, 184 
Notatin, 102 
antibacterial activity, 103 
isolation, 103 

from Penicillium chrysogctium, 13 
from Penicillium notatum, 24 
from Pencillinm resticulosum , 103 
NRRL 832, strain of P. chrysogenum, 89 
NRRL 1249 B21, strain of P. chrysogenum, 
89 

NRRL 1951 strain of P. chrysogenum, 89 
NRRL 1952 B25 strain of P. chrysogenum, 
90 

NRRL 1984 N22 strain of P. chrysogenum , 
90 

Nudcic adds, 30 
hydrolysis products, 30 
role in cell, 32 
Nucleoproteins, 30 
Nucleotides, 30 
Nucleus in bacteria, 30, 311 
Nutrient solutions, 280 

Olivetoric add, 175 
Oospora colorans, oosporein from, 163 
Oospora sulphurea-ochracea, sulochrin from. 
158 

Oosporein, 163 
Ordnol— 

from dihydrogeodin, 240 
from dimethyl-y-pyrone, 308 
from griseofulvin, 245 
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Orcinol (contJ .)— 

monomethyl ether, 246 
from mould products, 307 
Ornithine, 306 
Orsellinic acid, 175 
Oxalic acid— 

production by moulds, 57 
preparation using A. niger, 290 
reason for mould production, 321 
Oxaloacetic acid in nitrogen fixation, 43 
Oxford unit, in penicillin assay, 98 
Oxidation of amino acids, 47 
Oxidation-reduction enzymes, 8 
Oxidative mould metabolism, 57 
Oxychlororaphinc (xanthoraphinc), 141 
Oxygen, 264 
a-Oxyphcnazine, 140 

Pantoic lactone, 261 
Pantothenic acid, 260 
a disappointment, 316 
bacteria requiring it, 261 
estimation, 15 
Parasiticin, 96 

Parasitism and enzymic make-up of cells, 16 
Parmelia capcrata , capcratic acid from, 202 
Parmelia olivetorina, olivetoric acid from, 
175 

Pasteurella, growth needs, 17 
Patulin, 218 

accompanied by benzenoid compounds, 

307 

monoacetate, 222 
moulds producing, 219 
synthesis, 221 

yields and mineral salts in medium, 270 
alio Patulin, 222 

Paxillus atrotomentosus, atromentin from, 
162 

Pcnatin, 101 
Pcnicillic acid, 209 

activity against E. coli, 105 
antibacterial activity, 210 
mode of action, 318, 321 
phenyl analogue, 216 
synthesis, 215 
Penicillin— 
advantages, 87 
antibiosis problem, 60 
chemical estimation, 97 
commercial, 97 
discovery, 87 

effects on bacteria, 37. 271, 3 20 
N-cthylpipcridinc salt, 97 
F (1), 94 

first clinical success, 88 
G (II), 95 

general formula for, 94, 
cyc/ohcxylaminc salt, 97 
isolation, 93 


Penicillin ( cotud .)— 

K (IV), 96 

large scale production, 91 

list of non-susccptiblc organisms, 100 

list of susceptible organisms, 98 

mode of action, 320 

moulds producing, 90 

from Penicillium notation, 24 

precursors, 93 

produced on synthetic medium, 88 
properties, 94 

radioactive, preparation, 97 
synthesis, 97 

table of activity against bacteria, 100 
type, table of activities of, 99 
unit, definition, 98 
X (III), 95 

yields under various conditions, 98 
Penicillinase, 94 
Penicillium breri-compactum — 
diagnostic test, 172 
ergostcrol palmitatc from, 26 
scries of acids from, 172 
Penicillium Brcfeldianum, fulvic acid from, 
270 

Penicillium brei’icaule, arsenic compounds 
from, 227 

Penicillium Charlcsii — 
polysaccharides from, 52 
tctronic acids from, 203 
Penicillium chrysogcnum — 
notatin from, 13 
penicillin from, 88 
utilization of metalloids, 22S 
utilization of radioactive sulphur, 19 
Penicillium chrysogenum-notatum, chryso- 
genin from, 101 
Penicillium cinerascens — 

dchydrocarolic acid from, 204 
spinulosin from, 159 

Penicillium citreo-roseum, cu-hydroxyemodin 
from, 148 

Penicillium citrinum , citrinin from, 127 
Penicillium, colours of colonics, 5 
Penicillium cyclopiutn — 

pigment from mycelium, 294 
co-hydroxyemodin from, 148 
Penicillium digitatum, ethyl acetate from, 56, 

| 203 

Penicillium Daleae, kojic acid from, 217 
Penicillium expansion, citrinin from, 127 
Penicillium jlexuosum, fulvic acid from, 270 
PenicilliumJUtitans, growth in nitric acid, 60 
Penicillium glabrum, citromycctin from, 186 
Penicillium grisco-fuli’um — 
gcntisic acid from, 17 1 
methyl salicylic acid from, 24 
mycelianamide from, 236 
reaction to changes in cultural condi¬ 
tions, 269 
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Penicillium implieatum, citrinin from, 127 
Penicillium islandicum ,'islandicin from, 153 
Penicillium janczewskii, griseofulvin from, 
244 

Penicillium lilacitium, found in sodium 
acetate solution, 59 
Penicillium luteum, luteic acid from, 52 
Penicillium minio-lutcum, miniolutcic acid 
from, 199 

Penicillium multicolor, sclerotiorin from, 239 
Penicillium nalgeovcnsis, pigments, 154 
Penicillium nigricans, griseofulvin from, 244 
Penicillium notatum — 
antibiosis problem, 60 
NRRJL 832, oxidation of sugars, 91 
sulphur utilization, 228 
synthetic powers, 23 
utilization of metalloids, 228 
Westling, penicillin from, 88 
Penicillium patulum — 
effect of heavy metal ions on products, 
270 

gcndsyl alcohol from, 170 
patulin from, 219 

Penicillium Pfefferianum, citromycetin from, 
186 

Penicillium phoeniceum, phocnicin from, 163 
Penicillium puberulum — 
ergosterol from, 26 
penicillic acid from, 105, 209 
Penicillium purpurogenum var. rubrisclero- 
tium, oxidation of mannose, 58 
Penicillium resticulostun — 
fumaryl alanine from, 232 
notatin from, 103 

Penicillium roqueforti, nearly anaerobic, 5 
Penicillium rubrum, phoenicin from, 163 
Penicillium roseo-purpureum, roseo-purpurin 
from, 156 

Penicillium sclerotiorum , sclerotiorin from, 
239 

Penicillium species— 
citric add from, 57 
sugar adds from, 58 

Penicillium spiculisporum, spiculisporic add 
from, 25, 199 

Penicillium spinulosum, spinulosin from, 159 
Penicillium stoloniferum — 
add C 10 H I0 O« from, 184 
loss of enzymic powers, 185 
Penicillium, in temperate climates, 81 
Penicillium terrestre, terrestric add from, 204 
Penicillium terlikowskii, gliotoxin mono¬ 
acetate from, 231 

Penicillium urticae , gcndsyl alcohol from, 
170 

Penicillium varians, varianose from, 53 
cyclo Pentanone, 254 
Pentcnyl penicillin, 95 

A*-Pcntenylpenidllin, 96 


Pentoses converted into mannose by 
moulds, 53 
“Pcrsistcrs,” 315 
“Perspex,” 81 

Petroleum, sulphur bacteria in, 226 
Phenazine-i-carbonamide, 141 
Phenol, produced by E. coli, 49 
Phenols A, B, from citrinin, 129 
Phenols A, B, from dtrinin, synthesis and 
resolution, 132 

Phenylacctamide, penicillin precursor, 93 
o-Phenylenediamine, 140 
2-Phenylethylamine in com steep liquor, 
92 

Phcnylcthylamine hydrochloride, pre¬ 
cursor for penicillin, 97 
Phoenicin, 163 

Phosphate, esdmation in soil, 15 
Phosphates and micro-organisms, 232 
Phosphoenol pyruvic add, 28 
Phosphoglyccric aldehyde, 73 
Phosphoglucomutase, 66 

2- Phosphoglyccric add, 69 

3- Phosphoglyceric add, 68, 73 
Phosphoglyceryl phosphate, 28 
Phosphoglyceromutase, 69 
Phosphohexoisomcrase, 67 
Phosphohexonic add, 11 
Phospholipins, 232 
Phosphopyruvic add, 69 
Phosphoric ester “X/P,” 276 
Phosphorus in cell thermodynamics, 27 
Phosphorylase, 66 

Photobacterium phosphorescens, in decaying 
fish, 62 

C 17 -Phthienoic acid, 197 
Phthiocol, 198, 261 
Phthioic add, 196 

Phycomyces blakesleeanus, ancurin require¬ 
ments, 262 
Phycomycetes, 4 
Physdon, 155 
Pieris brassicae, 266 

Pigment from Streptomyces coelicolor, 147, 
286 

Pigments— 

detection in mould cultures, 293 


as respiratory enzymes, 141 
Pimelic add, 260 
“Pin mould,” 4 
Plastics and moulds, 81 
“Plating” bacterial cells, 275 
Polymyxins, 126 
Polypeptide antibiotics, 122 
Polyporic add, 162 

Polyponis adustus, symbiosis with Ashby a 
gossypii, 61 

Polyporus nidulans, polyporic add from, 
162 


Polyporus officinalis, agaridc add from, 201 



340 THE CHEMISTRY OF 

Polyporus tumulosus, two acids from, 194 
Potassium— 
estimation, 15 
tellurite, 227 
Prodigiosin, 143, 144 
Proline, 306 
Prontosil, 319 

iso Propanol by fermentation, 78 
iso Propenylethynylcarbinol, 213 
Propionic acid, by fermentation, 80 
Propionic bacteria, 80 
Propiophenone, 178 
Propyl alcohol, 72 
Protein— 

alkali-soluble, from Petiicillium not alum, 
24 

from ammonium sulphate, by yeast, 75 
degradation by micro-organisms, 45 
Proteus hydrolysis of tyrosine, 46 
Proteus species, effect of penicillin, 271 
Proteus vulgaris — 
anaerobic growth, 21 
carbon dioxide fixation by, 59 
glutamine requirements, 264 
reductive deamination of aspartic acid, 
46 

Protoancmonin, 318 
Protocatcchuic acid, 49 
Protolichesteric acid, 202 
Pseudomonas aeruginosa — 
pigments from, 137 
pyocyanase from, 105 
Pseudomonas aminovorans, growth on 
monomcthylamine, 23 
Pseudomonas beijerinckii, pigment, 259 
Pseudomonas chlororaphis, pigment from, 
137. Hi 

Pseudomonas fluorescens — 

decarboxylation of glycine, 46 
reductive deamination of aspartic acid, 

46 

rupture of benzene ring, 49 
Pseudomonas putida — 

growth on various carbon sources, 24 
bromo-acids as carbon sources, 9 
Pseudomonas pyocyaneus ( Ps. aeruginosa) 
meningitis, 316 
Ptcridine, 266 

Pteridines and cell division, 269 
Pteroic acid, 267 
Ptcroylglutainic acid, 267 
Pteroyl -y- l - glutamyl -y-i- glutamyl - l - 
glutamic acid, 268 
Pteroylhcptaglutamate, 268 
Pubcrulic acid, 303 

moulds producing, 303 
Pubcrulonic acid, 303 
moulds producing, 303 
Purpurogallin, 304 
Pyocyanase, 105 
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Pyocyaninc, 137 
as antibiotic, 141 
quinonc and semiquinone, 139 
synthesis, 138 
Pyridoxal, 263 
Pyridoxaminc, 263 
Pyridoxine (vitamin B 9 ), 15, 263, 264 
Pyrimidine, in symbiosis, 61 
Pyrogallol monomethyl ether, 140 
Pyrrole in vitamin B ia , 84 
Pyrrolidine-i-carboxylic acid, 144 
Pyruvic acid— 
from bacteria, 56 
decarboxylation, 13, 70 
in enzyme reactions, 309 
in yeast fermentation, 69 

Quinhydrone, from Penieillium urticae, 171 
Quinol dimethyl ether, 152 
Quinone nucleus, in chrysogcnin, 102 
Quinones— 

as mould pigments, 147, 158 
in acdnomycins, 145 
reduction by yeast, 71 
Quinonoid antibiotics, mode of action, 321 

Radiation producing mutations, 36 
Radioactive tracers, 19 
Ravcnelin, 156 

Raw materials for acetonc-butanol fer¬ 
mentation, 78 

Resistance to antibiotics, 315 
Resorcinol carboxylic acids, 172 
/?-Resorcylic acid, 174 
Rhamnus frangula, 148 
Rhein, 149 

Rhizobium leguminosarum, symbiotic nitro¬ 
gen fixation, 42 
Rhizobium species— 
biotin from, 260 
importance of molybdenum, 255 
Rhizopus japonicus — 
fumaric acid from, 81 
lactic acid from, 55 
Rhizopus nigricans — 

carbon dioxide fixation by, 59 
fumaric acid from, 57 
rhizopterin from, 265 
Rhizopterin, 265, 267 
Rhodotorula rubra, symbiosis with Mucor 
ramanianus, 61 
Riboflavin— 

by fermentation, 82 
estimation, 15 

organisms producing or needing, 262 
used for production, 82 
synthesis by micro-organisms, 62 
in yellow enzymes, 10 
Ribonuclease, 311 
Ribonucleic acid, 30 
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D-Ribose, 31 

Rickettsia, growth needs, 17 
Rickettsia prowezeki, inhibited by chloram¬ 
phenicol, 116 
Robison ester— 
dehydrogenese, 11 
in yeast fermentation, 66 
oxidation by Zwischenferment, 11 
Roseopurpurin, 155, 156 
Rough Colonies, 33 
Rubrofusarin, 158 
Rubrogliocladin, 161 

Saccharomyces cerevisiae , alcoholic fermen¬ 
tation, 75 

Salmonella paratyphi degradation of tryp¬ 
tophan, 48 

Salmonella schottmiilleri degradation of 
tryptophan, 48 

Sarcina ventriculi, ethanol production by, 

<55 

Sarcosine, 145 

Scale-up effect, 36, 271 

Schizophyllum commune, sulphur utilization, 

226 

Sclerodorin, 239 

Scopulariopsis brevicaulis, arsenic utilization, 

227 

Serratia marcescens — 
anaerobic growth, 21 
(Bacillus prodigiosus), prodigiosin from, 
143 

growth on synthetic medium, 55 
Seed tank, 79 
Selection in bacteria, 313 
Semiquinones, 138 

Serial dilution method for antibiotics, 296 
Shigella dysenteriae, in assay of Chloro¬ 
mycetin, 117 
Shunt metabolism, 271 
Skatolc, 48 
“Slopes,” 281 
Smooth colonies, 33 
Sodium— 

acetate, mould growth in, 59 
acetylide, 213 

_ , ^ modifying yeast fermenta¬ 

tion, 74 

carbonate, modifying yeast fermenta¬ 
tion, 74 

chloride, extraction of bacterial cells, 275 

cholate, 275 

fluoride— 

modifying yeast fermentation, 74 
poisoning enzyme system, 69 
monoiodoacetatc, modifying yeast 
fermentation, 74 
selenate, 227 

sulphite, by yeast reduction, 72 * 
thiosulphate, reduction by yeast, 72 


Hi 

Solvent production by bacteria, 322 
Sorbitol, 54, 76 
L-Sorbose, 76 
Spiculisporic acid, 25, 199 
Spinulosin, 158 

Sporotrichum schenkii, mutation in, 34 
“Stabs” (“deeps”), 281 
Staphylococcus albus, carbon dioxide fixa¬ 
tion by, 59 

Staphylococcus aureus — 
antibiotics test organism, 296 
“Oxford strain,” 98 
Staphylococcus , in penicillin discovery, 87 
Stationary condition, in yeast fermentation, 
72 

Steady state, in yeast fermentation, 72 
Stearic acid, 226 
Sdpitatic acid, 300, 302 
methyl derivatives, 301, 302 
Streptamine, 109 
Streptidine, 108 
Streptobiosamine, 108 
structure, 109, no 

Streptobiosaminide dimethyl acetal, 110 
Streptococcus faecalis — 
meningitis, 316 
R, and folic arid, 265 
Streptococcus hacmolyticus, inter-relationship 
of growth factors, 264 
Streptococcus lactis — 
reason for name, 3 
R , in analysis, 15 
R, and folic arid, 26s 
D-lactic arid from, 55 
Streptomyces aureofaciens — 
aurcomyrin from, 120 
growth promoting activity, 317 
Streptomyces chrysomallus, actinomycin C 
from, 145 

Streptomyces coelicolor , blue pigment from, 
144. 147 

Streptomyces griseo-cameus, hydroxys trepto- 

myrin from, 113 
Streptomyces griseus — 
development of streptomycin produc¬ 
tive strains, 106 
in metabolism studies, 19 
streptomycin from, 106 
vitamin B lt from, 83 

Streptomyces S67, an actinomycin from, 
145 

Streptomyces venezuelae, chloramphenicol 
from, 116 
Streptomycetes, 3 
Streptomycin, 106 
B, X13 

derivatives, 112 

derivatives in commercial production. 
108 

estimation of mannosido derivative, 112 
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Streptomycin (cotitd .)— 

hydrochloride, calcium chloride double 
salt, 108 

mode of action, 320 
production, 106 
properties, 10S 
structure, 112 

susceptible and non-susceptiblc organ¬ 
isms, 107 

unit, definition, 107 
value in medicine, 106, 107 
Strcptomycinic acid, 112 
Streptosc, structure, ill 
Strcptosonic acid— 
diamide, structure, 111 
monolactone, no, ill 
Subtilin, 314 
Succinic acid— 

by yeast reduction, 71 
from caldariomycin, 254 
from carolinic acid, 205 
production by moulds, 57 
from spiculisporic acid, 200 
in yeast fermentation, 72 
Succinimide, 214 

Sucrose, conversion to mannitol, 53 
Sugars, conversion into fats, 27 
Sulochrin, 158 
Sulphanilamide, 264 
/^-Sulpha tocthyltrimcthy la mmonium 
betaine, 228 
Sulphur— 
bacteria, 225 

energy requirements, 22 
utilizing solar energy, 5 
metabolism by moulds, 228 
reduction by yeast, 72 
-35, radioactive in penicillin, 97 
Symbiosis, 60 

of Az. chroococcum and Al. radiobacter, 
42 

legumes and bacteria, 42 
Synthetic powers of micro-organisms, 
limited, 61 


1:4:5: 7-Tctrahydroxy-2-mcthylanthra- 
quinonc (catenarin), 150 
Tctrahydroxy-p-quinone, 259 
Tctronic acid, 203 

Thelephora species, thelephoric acid from, 
166 

Thelephoric acid, 166 
Thiazole in symbiosis, 61 
Thiobacillus denitrificans anaerobic auto¬ 
troph, 22 

Thiobacillus thio-cxidans, growth in sul¬ 
phuric acid, 23, 60 
Thiochromc, 229 
Thiocyanatocobalamin, 84 
DL-threo-2- acetamide-1-p- nitrophenyl- 
propanc 1 : 3-diol, 119 
Thujaplicins, 305 
Thujic acid, 305 
methyl ester, 306 
Thymine, 31 

Torulopsis utilis, food yeast, 75 
o-Toluic acid, in citrinin synthesis, 130, 131 
Toluquinol, 170 
Training— 

micro-organisms, 37 
of bacteria, 312 

Trametes suaveolens, odour of cultures, 195 
Tribromoethanol, by yeast reduction, 71 
Trichoderma viride — 
gliotoxin from, 230 
in cellulose breakdown, 43 
Trichophyton tnentagrophytes, mutation 
studies with, 35 

Trichospora lignornm, ethanol production 
by, 65 

4:2': 5'-Trihydroxydiphcnyl, 167 
4:2': 5 -Trihydroxydiphcnyl- 2 : 5 : 4': 6- 
tctracarboxylic acid, 167 
2:4: 5-Trihydroxyphenylglyoxylic acid, 

194 

3:4: 5-Trimcthoxytoluene, 159 
Trimethylamine, 215 
Trimethylarsine, 227 

2:12: 15-Trimethyldocosanoic acid (1 : 
11 : 14-Trimethyldocosanoic acid), 


Tanning industry, moulds in, 64 
Tartaric acid— 

as carbon source, 26 
reduction by yeast, 71 
Terphcnyl, 163 
Tcrramycin, 121 

biological activity, 122 
structure, 122 
Terrcstric acid, 204, 207 
Tetracycline, 121 

Tctrahydrodcoxygriseofulvin, 251 
Tetrahydrophoenicin, 164 
Tctrahydro-y-pyronc, 221 

Tetrahydro-y-pyrone-2-carboxylic acid, 

219 
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3 : 12 : 15-Trimethyldocosanoic acid (2: 
11 : 14 - Trimethyldocosanoic acid), 

197 

2:4: 6 - Trinitro - 5 - hydroxy - 3 - methyl- 
benzoic acid, 152 
Tritisporin, 153 
Tropolone, 302 
Tropolones, 300 

general properties, 306 
Troponc, 302 
Tryptophan— 
degradation, 48 
in bacterial training, 312 
‘^uberclc bacillus, 196 
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Tuberculin, 198 
Tuberculosis, 196 
Tubercuiostearic acid, 197 
Typhoid fever, main use for chloram¬ 
phenicol, 116 
Tyrocidine, 122 
and gramicidin, separation, 123 
biological activity, 123 
Tyrosine, degradation by E. coli, 49 
DL-Tyrosine, hydrolysis by bacteria, 46 
Tyrothridn, 123 
mode of action, 321 

“Unnatural” amino adds in antibiotics, 
127 

Uracil, 31 
Urease, 9 

in bacteria (Proteus), 10 
detection, 10 
reversibility of action, 10 
Urocanic add, 47 
Usdc add, 185 
Usdn, 238 

Varianose, 53 

Ventilago madraspatana, physdon from, 155 
“V” factor, 263 

Vibrio comma, (Vibrio cholerae), reasons for 
names, 3 

Vibrio desulphurican — 
anaerobic oxidation, 21 
corrosion of iron, 225 
Vibrio oeslttrarii, and sodium carbonate 
formation, 225 

Vibrio Oi, rupture of benzene ring, 49 
Vibrio thermodesulphuricans, in oil-bearing 
rocks, 226 
Vinegar, 75 
Violacein, 144 
Viruses, as enzymes, 16 
Vitamin B group, herbivorous animals 
needs, 82 
Vitamin— 

B, (pyridoxine), 263 
®i*« 83 

bacteria requiring it, 84 
chemical nature, 84 
members of the group, 83 
organisms producing it, 83 
partial structure, 85 
radioactive, 19 
C from Aspergillus niger, 83 

C, a tetronic add derivative, 209 
“H” (biotin), 260 

K, 198 


Vitamins as coenzymcs, 13 
Vulpinic add, 318 

Wall paper— 

arsenic compounds from, 227 
luminescent, prepared by micro¬ 
organisms, 322 

Warburg’s old yellow enzyme, 10 
action, n 

amino add content, 11 
structure, 12 

Wis. Q-176 strain of P. chrysogenum — 
selected for penicillin production, 89 
yield of penicillin, 98 

Xanthine, 319 
Xanthopterin, 266 

Xanthoraphine (oxychlororaphine), 141 
Xanthoria parietina, physdon from, 155 
“X” factor, 263 

X 1612 strain of P. chrysogenum, mutant for 
penicillin production, 90 
E>-Xylose— 
mannose from, 53, 54 
oxidation by notatin, 102 

Yeast— 

alcoholic fermentation experiments, 294 
as food, 75 

fermentation, Embden-Meyerhof 
scheme, 66 
mutations, 34 

preparation of active culture, 294 
“Rassc M,” biotin from, 260 
removal of glucose by, 71 
spores, 5 

symbiosis with Mucor ramanianus, 61 
Yeasts— 

advances in sdcnce due to, 65 
and enzyme preparations, 65 
and growth factors, 65 
as reducing agents, 71 
characteristics, 5 
colour of colonies, 5 
most important micro-org anisms , 65 
type of colony, 5 
Yellow enzymes, io 

Zinc— 


metabolism, 254 
Zoogloea stage in Acetobacter , 75 
Zwischenferment , n 
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